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initiated by Dr. Bell, and the experimental work was shared between him 
and myself, with some assistance from Dr. L.E. Carlson, Dr. I.G. Graham 
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W.F. Davidson, Nucl. Inst. and Meth. 99 (1972) 217. 
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ABSTRACT 
The gamma decays of excited states in 34 Ar, 47 V, 47 Ti, 49 V and 67 Ga 
have been investigated using (charged particle, neutron) reactions. 
Gamma ray transitions in 34 Ar were studied by n-y coincidence 
measurements in the 32 S(3 He,ny) 34 Ar reaction. Excitation energies and 
branching ratios were measured for the majority of the bound states. 
+ 140 
From Doppler shift attenuation measurements, lifetimes of T = 430 _ 80 , 
+90 +270 34 233 _ 60 , and 380 _ 140 f s were found for the Ar levels at 2091, 3288 
and 4513 keV respectively. A limit of T < 300 fs was placed on the 4128 
keV level. The lifetime of the 2091 keV state was used to test the 
isospin dependence of gamma ray transition matrix elements in the mass 
34 T = 1 triad. 
A comprehensive study of the nucleus 47 V was made using the 
47 Ti(p,ny) 47 V reaction and isotopically enriched titanium targets. The 
previously unseen gamma decay of the 146 keV state was observed and 
branching ratio measurements made. Excitation energies and branching 
ratios were measured for the 1138, 1272 and 1295 keV levels. The 
lifetimes of these states and the 660 keV state were measured using the 
Doppler shift attenuation method (D.S.A.M.) giving 
E 660 keV 0.68 + 1.4 = 1 = ps X - 0.34 ' 
E 1138 keV 0.96 + 1.7 = T = ps 
X - 0.44 ' 
E 1272 keV 0.39 + 0.39 = T = ps 
X - 0.15 
and E = 1295 keV 1 > 0.75 ps 
X 
Angular distribution measurements resulted in the assignment of J" = 9 / 2 
the 1272 and J1r = 11 / 2 -to keV level (9/2-) to the 1295 keV level. The 
results are discussed in the light of the Coriolis coupling model. 
-
X 
The search for high spin states in this mass region was extended to 
47 Ti and 49 V. Levels in 47 Ti were populated by inelastic proton 
scattering at energies between 4.06 and 5.16 MeV. Angular distribution 
measurements on gamma decays from the 1253 and 1445 keV levels permitted 
spin assignments of 9/2- and 11/2- (9/2-) respectively. D.S.A.M. 
measurements were also made on these levels giving 
E 1253 keV 230 + 180 fs = T = 
X 80 
and E = 1445 keV T > 1. 1 ps . 
X 
Levels in 49 V were populated via the (p ,n) reaction on a thick enriched 
titanium dioxide target. Angular distribution measurements were made on 
decays from the 1021, 1140 and 1155 keV levels. The only spin 
restriction possible was that for the 1021 keV state (J" = 11/2- (9/2-)). 
A series of D.S.A.M. measurements were performed on 67 Ga using the 
67 Zn(p,n) 67 Ga reaction on an enriched target. Excitation energies were 
established for the majority of levels below 2.2 MeV excitation in the 
residual nucleus, and a previously unobserved level was found at 1977.9 
keV. Lifetimes were measured for ten levels in 67 Ga: 
Ex (keV) T (ps) 
~-
-
828 0.30 + 0.20 
- 0 .15 
911 0.39 + 0.30 
- 0 .15 
1202 > 0.6 
1413 0.70 ± 0.28 
1519 0.73 + 0.50 
- 0 . 24 
1555 0.21 + 0.07 
- 0.04 
1639 0. 17 + 0.05 
- 0.04 
1978 > 0.2 
2041 0. 16 + 0.09 
- 0.06 
2174 0. 10 + 0.07 
- 0.03 
II 
xi 
In addition to the gamma ray work, the construction and testing of 
a resonant scattering neutron monochromator is described. This device 
uses three highly efficient 3 He proportional counters rather than the 
tens of 10 BF3 counters used in earlier instruments of this type. The 
device described is somewhat smaller and more mobile than previous 
versions. 
11 
11 
11 
11 
CHAPTER 1 
INTRODUCTION 
A major part of all experimental nuclear physics has been directed 
towards the measurement of the properties of nuclear excited states and 
their mode of decay. Gamma spectroscopy has proved to be one of the 
most fruitful fields of such investigation. 
The study of electromagnetic decay was stimulated by the 
introduction of the lithium drifted· germanium counter, which presented 
the experimenter with an order of magnitude improvement in resolution 
over that obtained with the previously used sodium iodide crystals. 
With relatively simple experiments, accurate energy level schemes may 
be compiled, spins and parities assigned, and lifetimes of the excited 
states measured. Using the new detector it is possible to study very 
weak decays, with the result that level schemes once thought to be 
simple have become much more complicated. In addition, techniques such 
as the Doppler shift attenuation method (D.S.A.M.), which were once 
difficult to perform and analyse, have been reduced to routine 
experiments in most laboratories. 
The results of electromagnetic decay studies offer one of the most 
reliable tests of theoretical models of the nucleus. The first test of 
any new theory applicable to a particular nucleus must be that it 
reproduces the energy level scheme of that nucleus. Often, the level 
energies are not strongly dependent upon the wave functions used, and a 
more sensitive test must be devised. The next step is usually the 
prediction of electromagnetic transition rates. 
Ii 
The reason for the popularity and usefulness of such calculations 
is clear. The nature of the interaction between material systems and 
the electromagnetic field is well understood, and predictions may be 
made with confidence. The greatest uncertainty lies in the wave 
functions used rather than in the nature of interaction, and therefore 
the calculation of transition rates serves as a test of the wave 
functions. 
2 
The experimental data must not be thought of as serving simply as 
criteria for the calculations. All models are to some extent empirical 
and thus the production of more accurate data will produce more reliable 
models. 
The primary aim of the work described in this thesis is the 
measurement of such data as are required for model comparisons, viz. the 
assignment of spins and parities, measurement of branching and mixing 
ratios, and finally, the measurement of lifetimes of excited states. 
In chapter 2, lifetime measurements of three excited states in 34 Ar 
using the Doppler shift attenuation method are reported. States in 34 Ar 
were populated using the 32 S(3 He,n-y) reaction. In recent years the 
( 3 He,n) reaction has emerged as a useful tool in the study of proton 
rich nuclei. The mirror nuclei have usually been well studied, and thus 
investigation of the neutron producing reaction permits comparative 
studies of properties of nuclei within an isospin multiplet. In 
particular, the relative electromagnetic transition strengths for 
equivalent transitions within a multiplet are simply related (WA69) if 
one assumes that isospin is a good quantum number. Thus the measurement 
of lifetimes of equivalent levels within a multiplet would allow a test 
of isospin invariance. The mass 34, T = 1 isobaric multiplet provides a 
ground for such a test. The lifetimes of the lowest T = 1 excited states 
II 
11 
11 
3 
in both 34 Cl and 34 S are known, leaving only that of 34 Ar to be measured. 
The small cross-section of the 32 S(3 He,n) 34 Ar reaction compared with the 
( 3 He,p) and (3 He,a) channels means that a particle-gamma coincidence 
experiment must be performed, with the associated complications of pulse 
shape discrimination techniques. 
Compared to those reactions producing charged particles, the 
observation of neutrons following a nuclear event has been little used 
as a technique for the study of the residual nucleus. The main reason 
for this is the poor energy resolution of proportional and scintillation 
counters for neutrons compared with that for charged particles given by 
surface barrier detectors and large magnets. The only neutron 
technique in common use that can approach such resolution is that of 
time of flight, with its associated complications. An alternative 
technique is the resonant scattering of neutrons from lithium, where the 
resolution of the system is only limited by the natural resonance width 
(r ~30 keV). The construction and testing of such a detection system is 
described in chapter 3. 
A series of experiments has been completed using the (p,ny) 
reaction. This mechanism has several notable features which commend it 
to the experimentalist. The weight of experimental evidence suggests 
that the reaction will proceed via a compound nucleus process, and, in 
addition, that there will be no preferential population of levels in the 
residual nucleus. This latter property is of great assistance in the 
determination of level schemes and decay modes. A further attraction is 
that the majority of (p,n) Q-values are endoergic, permitting the use of 
.threshold techniques which allow great simplification of the analysis. 
The (p,ny) reaction was used to continue a programme of gamma ray 
investigation of the odd mass lf 712 shell nuclei between A=41 and 49 
II 
4 
currently being pursued in this department. The experimental data in 
this region are relatively sparse but recent theoretical studies (MC64, 
GI66, MA66) have stimulated interest in these nuclei. Shell model 
calculations (MC64, GI66) were particularly successful for nuclei near 
to the closed shells (40 ca and 48 Ca), but the inability to correctly 
predict properties of the ground state and low lying levels of some 
nuclei indicated that a new model was needed for nuclei with several 
extra core nucleons. The enhanced E2 transition strengths observed in 
this region (N071, ZA65, BI71) indicated that, although no band 
structure was evident in the relevant level schemes, a collective model 
was required. The strong coupling model of Malik and Scholz (MA66), 
which contains a Coriolis term to provide band mixing, was particularly 
successful in predicting properties of the nuclei that had so far eluded 
a purely shell model explanation. 
Vanadium 47 is one such nucleus, and chapter 4 details a 
comprehensive investigation of 47 V by the 47 Ti(p,ny) 47 V react~on, 
Measurements of lifetimes and angular distributions were made; in 
particular a search was made for the low lying, high spin (J~ = 9/2-, 
11/2-) states predicted by both the shell and strong coupling models. 
The investigation of a further two nuclei in this mass region is 
reported in chapter 5. The high spin states in 47 Ti and 49 V were 
investigated and lifetimes and angular distributions measured. Also 
presented is a series of Doppler shift measurements in 6 7 Ga. Levels in 
67 Ga were again populated by the (p,n) reaction using an enriched 6 7 Zn 
target. This particular mass region is of interest because the large 
number of nucleons outside closed shells make shell models impractical. 
The odd mass copper isotopes have been successfully treated with a 
particle-vibration coupling model (PA70), and a strong coupling approach 
5 
has met with some success for A> 70, but very few calculations have been 
reported for A ~67. Further progress in the case of 67 Ga has been 
hampered by the lack of experimental data. 
2.1 INTRODUCTION 
CHAPTER 2 
LIFETIMES IN ARGON 34 
6 
The energy level scheme of 34 Ar was initially investigated using 
the 32 S(3 He,n) 34 Ar reaction by Miller and Kavanagh (MI67) and McMurray 
et al. (MC67); these measurements were limited to the measurement of 
the reaction Q-value (-760 keV) and assignment of transferred t-values 
to the ground and first excited states. Hagen et al. (HA68a) 
established the positions of levels up to 4 MeV using the same reaction. 
The most comprehensive particle work has been that of Brunnader et al. 
(BR69). Levels of up to 8 MeV excitation in the residual nucleus were 
populated by the 36 Ar(p,t) 34 Ar reaction, and spins and parities assigned. 
At the time this work was begun no gamma ray data were available for 
34 Ar. The aim of the present experiment, therefore, was to obtain 
accurate excitation energies and branching ratios for the low lying 
states using the 32 S(3 He,n-y) 34 Ar reaction. In addition Doppler shift 
studies were to be made of the more strongly populated levels and the 
results for the 2091 keV transition compared with predictions of 
electromagnetic transition rates based upon the well established 
lifetimes and branching ratios of equivalent T= 1 levels in the other 
mass 34 nuclei: 34 S and 34 Cl. We have recently received the gamma 
decay results of Caraca et al. (CA72) for 34 Ar and these are compared to 
our results later in this chapter. 
2.2 ISOSPIN DEPENDENCE OF ELECTROMAGNETIC TRANSITION RATES 
Warburton and Weneser (WA69) have shown that the matrix elements 
for equivalent transitions within an isobaric multiplet are linearly 
related if charge independence is assumed. A resume of their treatment 
is presented here. 
7 
The width for the electromagnetic decay of an excited nuclear state 
may be written as 
r (L) y (2. 1) 
where J, M, T and T3 are the spin, magnetic, isospin and isospin 
projection quantum numbers, respectively, of the relevant state. The 
subscripts 'i' and 'f' refer to the initial and final states, and H(L,M) 
is the electromagnetic interaction Hamiltonian, usually written as 
H(L,M) = (2. 2) 
where !N(E) represents, in a way to be discussed shortly, the nuclear 
current density, and ~(kE) is the vector potential of the electro-
magnetic field. The form of the vector potential is well known, but the 
current density is not so familiar. If we allow contributions to lN(f) 
from convection and spin currents then 
= 
Furthermore, if we assume that we can describe the components of the 
nucleus as point nucleons, then the charge density may be written 
P (r) = 
i 
e. o (r-r.) , 
1. - -1. 
all nucleons 
where ei is the charge on the nucleon. Then jN(Conv) may be written 
(2.3) 
(2.4) 
= L e 
all protons p [ 
pp 
--=-- 8 (r-r ) 2M - -p p 
Pp] 
+ 8 (r-r ) --=--
- -p 2M p 
The contribution from spin is given by 
lN (Spin) = [ eh ] C L µ 2M 
all protons p pc 
'v x a 8 (r-r ) 
- -p - -p 
8 
(2.5) 
(2.6) 
The nuclear magnetic momentsµ andµ are measured in nuclear magnetons. 
n p 
If equations (2.3), (2.5) and (2.6) are combined, the sum may be written 
to show explicitly the isospin dependence of the current density. If we 
write as Tf the isospin operator which has eigenvalues +1 for neutrons 
and -1 for protons, then 
= 
where l-1+ = µ ± µ and the sunnnation is over all nucleons. 
- n p 
Thus the current density may be written as the sum of 
(l.) · 1 · (O) . d d f an isosca ar term, J , in epen ent o T3 
and (ii) an isovector term, j(l), linearly dependent upon T3. 
Thus 
where 
. (0) 
~N 
and 
= ~ L 
2 . 
l 
[ 
p . 
~ c(r-r.) 2M - -1 p 
= 
.(0) + .(1) 
lN lN ' 
L V x a. 8 (r-r.) 
- -l - -1 
i 
(2.7) 
i 
T3 V x a. 8 ( r-r . ) . 
- -1 - -1 
It is then convenient to split up the matrix element defined in equation 
9 
(2.1) such that 
(2.8) 
where 
H (0) 
= ~ J .(0) ~ d IN • - M T 
and 
H (1) 
= ! J j ( 1) • ~ d-r -N - M . 
The explicit dependence on T 3 may be extracted by application of the 
Wigner-Eckhart theorem to equation (2.8), which then gives 
= 
1 
0 
(2.9) 
where the matrix elements in equation (2.9) are reduced with respect to 
isospin only. 
Selection rules for electromagnetic decay can now be obtained by 
evaluation of the 3-j symbols in equation (2.9). These indicate that 
garrana transitions must satisfy tT = 0, ± 1, and T3i = T3f always. 
In addition we see that for tT = 0, i.e. those transitions 
concerning us in 34 Ar, the 3-j symbols reduce to 
Tf-T3f [ Tf 1 T · ] T3f (-1) 
T:i 
= 
-T3f 0 ( T f (T f + 1) ( 2T f + 1) /~ 
and 
Tf-T3f [ Tf 0 T · ] 1 (-1) 
T:i 
= !,:; 
-T3f 0 (2Tf + 1) 2 
(2.10) 
I. 
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Inspection of equations (2.10) shows that, for conjugate nuclei, the 
magnitudes of the isovector and isoscalar components of the matrix 
element are constant, but that the sign of the isovector part reverses 
on going from a transition in one nucleus to the equivalent transition 
in its mirror nucleus. Furthermore, in a self-conjugate nucleus (T = O) , 
the isovector contribution will vanish. 
The comparison of equivalent ~T = 0 transition strengths in a T = 1 
isospin triplet would allow a test of these conclusions. Such 
experiments have been performed in some 4N + 2 nuclei, namely mass 10 
(FI68), mass 26 (SC70), mass 30 (BI70, CA72) and very recently in mass 
34 (CA72). In all cases the transition was E2 multipolarity between the 
two lowest T = 1 states in the respective nuclei. Any dipole or magnetic 
quadrupole transitions would have further restrictions on them as the 
transition in the T 3 = 0 component of the multiplet is either forbidden 
or hindered by additional isospin selection rules (WA69, M058, M059), 
and so the E2 transitions are the lowest multipole order with which a 
successful test might be made. 
Combining equations (2.10) and (2.9) and evaluating for the case 
T = 1, ~T = 0, gives the expressions for the widths for gamma decay as a 
function of T3. 
Mo M1 2 
r (T 3 = 1) = J3 - J6 (3 4 S) 
Mo 2 
r (T 3 = 0) = J3 (3
4 Cl) (2.11) 
Mo M1 2 
r (T 3 = -1) = J3 + J6 (3 
4 Ar) 
where 
M. = ( JfMf;TfllH(j)IIJiMi;Ti) 
J 
This result, based simply on the geometry of isospin, is general, and 
the only assumption made was that of the form of the current density, 
11 
which is still open to doubt (EI70). In particular, we have effectively 
replaced part of the current density by a product of charge density and 
velocity. This is not acceptable in the case of the electromagnetic 
interaction, in which instance the charge density contains only 
contributions from the nucleons themselves, whilst the current density 
must contain, in addition, a term describing the contribution from 
mesonic currents. This is because the electromagnetic interaction will 
contain contributions from charge exchange forces. When such a force 
operates, the continuity equation demands some flow of current, and this 
must be carried by mesons. The degree to which the mesonic currents 
affect the charge density operator is not clear, but for electric 
transitions of low momentum transfer (kR<< 1), Siegert's theorem (SI37, 
SA53, ROSS) allows the use of the charge density, as written in equation 
(2.4), without the need for explicit reference to meson contributions. 
With this reservation, the form of the nuclear convection current given 
in equation (2.5) is acceptable. In the case of a 2 MeV gamma decay in 
mass 34 nuclei, kR ~0.05, justifying the use of equation (2.5) in this 
instance. 
2.3 EXPERIMENTAL DETAILS 
2.3.1 Beam Transport and Target Chamber 
Neutral 3 He beams (E=0.5 MeV), obtained by charge exchange of the 
singly charged output of an H.V.E.C. Type J Van de Graaff accelerator , 
were injected into the A.N.U. Model E.N. Tandem Van de Graaff to 
provide 3 He++ beams of energies between 6 and 10 MeV. The energy spread 
of the beam is known to be less than ±5 keV from previous calibration 
work (M067). Particles were momentum analysed by a 90° magnet, and 
focused onto the target, first through a 1 cm tantalum aperture twelve 
feet from the target, and secondly, through a heavily shielded 
collimator assembly immediately in front of the target chamber. 
12 
The latter collimating system (fig. 2.1) consisted of seven 
tantalum apertures (3/2/2/2/3/3/3 mm I.D.) separated by 7 cm long 
coaxial annuli of lead, to minimise background radiation. As an aid to 
the further reduction of background, the assembly was electrically 
insulated, allowing the collimator current to be monitored during the 
experiment and kept to a minimum. The collimator system was immediately 
preceded by a cold trap to protect it from carbon build-up. 
Situated 15 cm from the last collimator was a 5 cm external 
diameter cylindrical target chamber constructed of 3 mm thick perspex 
tubing . The beam entrance port of the chamber was kept as small as 
possible in order to enable measurements at backward angles. A copper 
target support was surrounded by a thin copper cold shroud, both of 
which were attached to a liquid nitrogen cooled cold finger which 
protruded through the base of the chamber. All surfaces inside the 
target chamber with which fringes of the beam might collide were 
protected by tantalum sheet or foil. The cold shroud and the target 
support were electrically insulated from the target chamber and acted as 
a Faraday cup for beam monitoring purposes. 
The target chamber was centred over an aluminium rotating table, 
the position of which was adjustable along two horizontal axes, par allel 
and perpendicular to the beam. To ensure the correct alignment of the 
table with respect to the axis perpendicular to the beam, light was 
shone through the collimator system, and the table adjusted so that the 
transmitted light beam passed through the axis of rotation of the table. 
Alignment along the beam axis was obtained by adjusting the table so 
that the target face was vertically above the centre of rotation. 
Perspex Target 
Chamber 
NE213 
Support 
Copper Cold 
Shroud 
Tantalum 
Liner 
Tantalum Apertures 
~ Lead 
~ Copper 
Fig. 2.1: Target chamber and collimation system used for the 32 S(3 He,ny} 34 Ar work. 
This arrangement was retained for the majority of experiments described in this 
thesis. 
...... 
v-) 
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This method of alignment was checked experimentally by measurement 
of the isotropic 2.12 MeV gamma ray from the 1 B(p,p'y) 11 B reaction. 
Angular distributions proved to be isotropic to within 1%, and the 
optical method was adopted as a standard 'setting up' procedure. 
Vacua were typically of the order of 10- 6 torr and negligible 
carbon build-up was observed on targets. 
2 . 3 . 2 Target Preparation 
A preliminary experiment was carried out to determine the most 
suitable backing material for the lifetime measurements. Carefully 
cleaned blanks of tantalum, gold, platinum and tungsten were bombarded 
with 10 MeV 3 He particles to determine which produced the least 
background radiation. It was found that tungsten which had been cleaned 
by heating to 2000 °C in vacuum to remove the oxide layer and any 
adsorbed gases, and then washed in alcohol, gave the lowest neutron and 
gamma yields. 
It became apparent during the early part of the experiment that, 
because of the high yield of the 16 0( 3 He,n) 1 8 Ne and 12 C(3 He,n) 14 0 
reactions, any useful target material must have minimal oxygen and 
carbon content. Targets of zinc sulphide, cadmium sulphide, iron 
sulphide and lead sulphide were tested, but all were rejected due to 
high impurity content. It was finally decided that, despite the 
possible problem of stability under bombardment, only an elemental 
sulphur target would provide sufficiently contaminant-free spectra. 
Thick targets, of the order of 1-4 mg/cm2 , were prepared by 
allowing sulphur vapour to condense onto a cold, clean tungsten blank. 
Uniform targets were easily produced in this fashion and examination 
under a microscope showed that the sulphur had condensed into small 
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globules from 30 to 200 µ in diameter. This is many times the expected 
recoil range of argon ions in sulphur (0.3 µ) so that a target of this 
form should not yield spurious results in the lifetime measurements. 
Furthermore, the spectra recorded with these targets were quite free of 
contaminant peaks from reactions of 16 0 and 12 C. The thickness of the 
targets were determined by direct weighing. Natural sulphur contains 
r-.J 95% 32 S. Continuous monitoring of target thickness by the n-y 
coincidence yield showed that, when cooled to liquid nitrogen 
temperatures, the targets produced in this manner were able to sustain 
quite substantial power inputs (50 nA of 3 He at 8 MeV) without loss of 
sulphur. The limiting factor in this experiment proved to be the Ge(Li) 
count rate rather than the beam intensity that the target could 
withstand. 
2.3.3 Detectors and Electronics 
The experimental arrangement is shown in fig. 2.2. 
Neutrons were detected at 0° by a 7.5 cm diam. x 10 cm long NE213 
liquid scintillator placed 12.5 cm from the target. A 2.5 cm thick lead 
shield in front of the scintillator strongly attenuated low energy gannnas 
arising from Coulomb excitation of tungsten and positron annihilation. 
The NE213 was viewed by a 56AVP photomultiplier tube optically 
coupled to the scintillator. The neutron-gamma pulse shape discrimina-
tion (P.S.D.) properties of NE213 are well known; the technique used 
here was that of Kucknir and Lynch (KU68), in which a timing pulse was 
generated when the integrated charge produced by the photomultiplier 
reached a preset fraction of its total value. To accomplish this 
(fig. 2.3), the anode pulse from the phototube was integrated by an 
ORTEC Model 113 preamplifier, and fed to the pulse shape discrimination 
Fig. 2.2: Target chamber and detector arrangement for the 32 S(3 He,ny) 34 Ar 
experiment. The neutron detector is positioned at 0°, and the Ge(Li) 
is shown at its maximum backward (top) and forward (bottom) angles. 
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Fig. 2.3: Schematic diagram of the electronics used for the 32 S(3 He,ny) 34 Ar coincidence 
measurements. 
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amplifier. This unit produced a double delay line clipped bipolar 
signal which was asymmetric with respect to the base line. The zero 
crossover time of this pulse> which corresponded to 85% of the input 
pulse height, was sensed by a timing single channel analyser (T.S.C.A.) 
to generate a fast negative pulse as the start signal for a time to 
amplitude converter (T.A.C.). A fast negative pulse from a phototube 
dynode was amplified and a leading edge discriminator used to generate a 
(delayed) stop pulse for the T.A.C. The neutron-gamma discrimination 
spectrum obtained with this technique is shown in fig. 2.4. Very good 
separation was evident and, by setting a window on the neutron peak to 
gate the Ge(Li) spectrum, more than 99% of the gamma events in the 
liquid scintillator were rejected. 
The efficiency of the pulse shape discrimination circuit falls off 
rapidly for neutrons below 2 MeV due to the non-linearity of the 
scintillator response to recoil protons. Small pulse heights and 
statistical variations in the time response of the liquid lead to a 
degradation of the discrimination properties of the circuit. Therefore 
an amplitude threshold was set slightly above the Compton edge of 
annihilation radiation (equivalent to,..._, 1.5 MeV neutrons) to reject the 
low energy pulses. 
A 30 cm3 coaxial lithium drifted germanium counter (resolution 
,..._, 4.0 keV for the E = 1332 keV 60 co line) was mounted on the rotating y 
table, at a distance of 5 to 7.5 cm away from the target. The fac e and 
sides of the counter were covered by 2 mm of lead and 1 mm of copper to 
attenuate low energy gamma rays and X-rays. The counter could be moved 
freely between 45° and 148° relative to the beam direction. When in the 
forward position, a wedge of lead was placed between the Ge(Li) detector 
and the liquid scintillator to reduce spurious coincidence events caused 
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Fig. 2.4: Output from T.A.C. showing a neutron-gamma discrimination 
spectrum; good separation between neutrons and gamma rays is 
evident, allowing a window to be set on the neutron peak. The 
dashed line shows the upper limit of the neutron window. 
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by the detection in the Ge(Li) counter of a gannna decay following an 
inelastic event in the scintillator. 
The relative efficiency of the Ge(Li) detector was measured in a 
preliminary experiment using standard 56 Co and 88 Y sources and the 
relative intensities of Barker (BA67) and Marion (MA68). 
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Both constant fraction and extrapolated zero timing techniques were 
used with equal success to achieve,...., 6 ns F.W.H.M. resolving time for 
coincidences between the Ge(Li) detector and the liquid scintillator. 
Real and random windows of 10 ns width were set on the output of the 
coincidence T.A.C., and were used to gate the gamma spectrum (fig. 2.5). 
The real and random coincidence spectra were routed into 2 x 1360 channel 
slices of the memory of the A.N.U. I.B.M. 1800 computer. Real to random 
ratios of better than 10:1 were routinely achieved. 
In order to provide a constant calibration check on the germanium 
counter gain, a 7. 5 x 7. 5 cm Na I (T 1) scintilla tor was placed beneath the 
Ge(Li) detector and heavily shielded so that it could not detect 
radiation from the target. Radiothorium and yttrium 88 gamma sources 
were placed between the two garmna counters; a window was set on the Nal 
output from E ~ 550 to 950 keV, and y-y coincidences were taken between y 
this output and the Ge(Li) detector using standard fast/slow techniques. 
Resolving time for this circuit was"' 6 ns F.W.H.M. The Ge(Li) 
coincidence spectra produced in this way were routed into a third 1360 
channel slice of the I.B.M. 1800 computer. 
2.3.4 Data Collection 
Spectra were collected at 6, 7, 8, 9, and 10 MeV incident energy to 
determine the optimum energy for the experiment. To ensure good yield 
of the 2091 keV gamma ray, it was desired to run at the highest possible 
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Fig. 2.5: Output from the liquid scintillator-Ge(Li) coincidence T.A.C. 
showing the time resolution of the system. The high background on 
the left of the time peak is due to poor charge collection in the 
Ge(Li). Real and random coincidence windows were set on the T.A.C. 
output and used to route the Ge(Li) output. 
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energy commensurate with the minimum cascade feeding of this level. The 
4513 keV level is by far the most strongly populated state in this 
reaction (CA72) and might be expected to contribute strongly, via 
cascades, to the yield of the 2091 keV gamma ray. However, the 
efficiency of the P.S.D. system is such that events producing neutrons 
of less than 2 MeV energy are almost all rejected by the discrimination 
system. Therefore cascade contributions from this level will be 
suppressed by a choice of incident energy such that the decay to the 
4513 keV level produces low energy neutrons. This condition is of 
paramount importance as it enables the minimisation of what would 
otherwise be the dominant contribution to measured F( T) values, and 
would greatly increase the errors in calculating theoretical attenuation 
coefficients. 
E(3 He) = 8 MeV was chosen as the best compromise between these two 
criteria. 
In the series of experiments performed, the slightly different 
detector arrangement in each gave marginally different extreme forward 
and backward angles. The extreme forward angle varied between 45° and 
49° and the extreme backward angle between 146° and 149°. Each run 
lasted from 10 to 14 hours, depending on the beam current and the targe t 
thickness. To minimise possible gain shifts every effort was made to 
keep the beam current constant during the course of data collection. 
The A.D.C. was gated by a beam current monitor which stopped collec tion 
when the current either exceeded or fell below pre-set limits. In this 
way, the effective count rate in the electronic system was kept fairly 
constant. Typical beam currents were of the order of 30-70 nA on 
targets of 1.8 to 3.6 mgm/cm2 thickness during different runs. 
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The target condition was monitored by checking both the coincidence 
yield of the 2091 keV gannna ray and the total neutron rate in the liquid 
scintillator. Due to the length of the runs, the spectra were stored 
every two hours and examined for gain shifts. Any indication of a 
change in the gamma yield, total neutron yield, or in the gain stability 
of the electronics during the collection period led to the rejection of 
the offending spectrum. 
2.4 RESULTS AND ANALYSIS 
In all, ten spectra were collected which satisfied our criteria; 
the sum of these spectra is shown in fig. 2.6. The step in the 
background at channel 260 is spurious, and is the result of summing 
spectra with different low energy cut-offs. 
The summed spectrum was relatively free of contaminant peaks, the 
only strong gamma rays, other than those of 34 Ar, to be seen in the real 
coincidence spectrum were those from 36Ar produced by the (3 He,n) 
reaction on 34 S, of which there is,..., 5% in the natural target. The 
absence of the 88 Y source peaks confirmed the efficiency of the pulse 
shape discrimination system used. There was some slight evidence for 
gannna rays from 208 Pb in the summed real n-y coincidence spectrum, but 
these gannna rays were more likely to originate from inelastic neutron 
scattering events in the lead adjacent to the two counters, rather than 
in the RdTh source. 
2.4 . 1 Energies and Branching Ratios 
The results are collected in table 2.1 and previous work is 
included for comparison. The results for each level are discussed 
individually. 
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spectra are: 
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(a) Calibration spectrum from Ge(Li) detector taken in coincidence 
with the Na(Tl) crystal . 
(b) Ge(Li) detector output gated by the real n-y coincidence 
window. 
(c) Ge(Li) detector output gated by the random n-y coincidence 
window. 
Ii 
2091 keV level 
The energy of the ground state transition from this level was 
measured to be 2091. 1 ± 0. 3 keV. 
3288 keV level 
25 
A strong gamma ray transition to the 2091 keV level was observed in 
this work; the energy of this transition was measured to be 1196. 6 ± 0. 4 
keV, which fixed the parent level energy as 328 7. 7 ± 0. 5 keV. The 
dispersion of the collected spectra was such that the ground state 
transition was not observed, but a weak peak at 2264 ± 4 keV was 
identified as the double escape of the crossover transition and given a 
branching ratio of 8 ± 5%. 
3873 keV level 
A weak gamma transition was seen at 1782 ± 3 keV and this has been 
tentatively interpreted as the decay to the 2091 keV level of the Jn =0+ 
state observed at 3879 ± 15 keV (PA72). This measurement places the 
decaying level at 3873 ± 3 keV in good agreement with (PA72). 
4128 keV level 
A gamma ray was observed at 840.1 ±0.9 keV and was identified as 
the 4125-+ 3288 keV transition in 34 Ar. This is in agreement with the 
assignment of previous workers (HA68a, CA72). Although there was an 
extremely strong 842 keV (3 3 S, 842-+ 0) line in the y-y coincidence 
spectrum, and some evidence for a peak at this energy in the random n-y 
spectrum, the coincidence and pulse shape discrimination requirements 
were sufficiently stringent that most of the gamma peak must be due to 
34 Ar decay. Such an assignment places the parent level at 4127. 8 ± 1. 0 
keV. 
The 840 keV line is much broader than other peaks in the spectrum 
(fig. 2.6) and, if this was due to Doppler effects, then a possible 
4128 + 2091 keV transition (E = 2037 keV) would be spread over y 
approximately 10 channels, which would make observation of this 
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transition difficult. No peak was observed at this energy, but all that 
can be said with certainty is that such a transition would have a 
branching ratio of less than 50%. 
Once again the ground state transition was outside the range of 
observation in this experiment. 
4513 keV level 
The observed 1225. 5 ± 0. 6 keV transition was assigned as the decay 
of the 4513 keV level to the 3288 keV level, placing the parent state at 
an excitation of 4513. 2 ± 0. 8 keV. An upper limit of 10% was placed on 
the possible decay to the 2091 keV state. 
* 
Table 2.1 
Present Work CA72 PA72 
E (keV) Transition B.R. (%) E B.R. (%) E 
X X X . 
2091.1 ±0.3 2091 + 0 100 2090 ± 1 100 2094 ± 11 
3287. 7 ± 0. 5 3288 + 0 8±5 3286 ± 1 10 ± 7 3288 ± 14 3288 + 2091 92 ± 5 90 ± 7 
3873 ±3 3873+2091 3879 
* 4127.8±1.0 4128 + 3286 (> 50%) 4128 + 2091 < 50% 
(> * 4522 ± 14 4513.2±0.8 4513 + 3288 90%) 4513 ± 2 100 4513 + 2091 < 10% < 20 
Bracketed branching ratios may be significantly altered by the 
observation of ground state transitions. 
1, 
p 
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2.4.2 Doppler Shift Measurements 
Centroids of the source peaks were extracted using standard 
programs (UP71) available in this laboratory. Each spectrum was 
calibrated by linear least squares fitting of these centroids to the 
energies of Marion (MA68). Quadratic and linear calibrations were 
obtained but the contribution from the quadratic term was insignificant, 
and so the linear fit was used. The forward and backward angles were 
summed separately to illustrate the Doppler shift of the 2091 keV line 
(fig. 2.7). 
Random coincidences were subtracted from the real subset and the 
peak areas and centroids of the three main 34 Ar gamma rays were then 
extracted. Energies were calculated by interpolation between the source 
peaks using the deduced linear calibration, and then all the data for 
each gamma ray were least squares fitted with an expression of the form 
E(8) = E + ~E cos8 
The results of these calculations are given in table 2.2. 
Transition 
2091-+ 0 
3288-+ 2091 
4513-+ 3288 
E (90°) keV 
2091.1 ± 0.3 
1196.6 ±0.4 
1225.5 ± 0.6 
Table 2.2 
~E (0°-90°) keV 
2.3 ±0.17 
2. 28 ± 0. 24 
2.57±0.63 
Fexp( T) 
0. 306 ± 0. 02 
0.473 ± 0.05 
0.460 ± 0.08 
Mean forward velocities were calculated from the reaction 
kinematics assuming an isotropic distribution of neutrons over the solid 
angle subtended by the liquid scintillator. The 32 S(3 He,n) 34 Ar data of 
McMurray et al. (MC67) show that the intensity of neutron decay to the 
first excited state varies by less than 50% over the face of the neutron 
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Fig. 2.7: Summed forward and backward angle data showing the Doppler 
shift of the 2091 keV gamma ray. 
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counter, and therefore the assumption of isotropy will not introduce 
significant errors. In finding the average velocity, weights of cos8 
were used to give the mean component along the z-axis. 
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The gamma ray intensities were normalised to the total neutron 
yield and compared with calculated angular distributions for transitions 
between levels with the appropriate spins assuming a range of population 
parameters. The shapes of the measured distributions were substantiated 
by the theoretical predictions for approximately equal population 
parameters of the 0, ±1 substates of each level. A second order even 
Legendre polynomial was fitted through the measured points and the 
unnormalised a coefficients taken as a measure of the individual gamma 
0 
ray yields. 
As a check on this procedure, it was assumed that the peak 
intensities in a spectrum summed over all angles would give a valid 
estimate of the total yield for each gamma ray; these values were 
extracted from the data, and the intensities were in agreement with the 
values calculated from the angular distributions. 
Calculations of F(T) were carried out using the Carlson program as 
detailed in appendix A. Due to the uncertainty of the validity and 
magnitude of the corrections associated with the f and f factors, both 
n e 
corrected and uncorrected results are presented here. Recoil velocities 
in this experiment were ,.._, 1 x 108 cm/ sec , and by comparison with 
table 1 of Bell et al. (BE69b), a value of f = 0. 7 5 was adopted. 0rmrod 
n 
et al. (0R65) have shown that the stopping power for ions with Z = 18 
slowing in carbon is substantially greater than the average value 
predicted by the Lindhard estimates. In this latter case (Z 1 = 18, 
Z2 = 6), a value of f = 1. 35 is indicated. As there seems to be a 
e 
tendency for f to decrease with increased values of Z2 , a value of e 
f = 1. 15 was adopted in the present work (Z1 = 18, Z2 = 16). The more 
e 
recent data of Hvelplund and Fastrup (HV68) confirm this value. 
A computer program was written to evaluate equations (A.12) and 
(A.13) (appendix A) and to correct the calculated F(T) values for 
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cascades from higher states. Corrections were made on the basis of the 
observed gamma intensity and the major branching ratios of fig. 2.8 and 
section 2.4.1. The feeding of the 3288 keV level by the 840 keV gamma 
ray was, however, ignored due to (a) the weak feeding of the 4128 keV 
level, and (b) the width of the 840 keV peak, which indicated that the 
4128 keV level has an extremely short lifetime, and would therefore not 
have a significant effect on the observed lifetime of the 3288 keV level. 
The results are shown in fig. 2.9. Values of the lifetime for the 34 Ar 
levels based on these calculations are presented in table 2.3, and the 
recent measurements by Caraca (CA72) are provided for comparison. 
Table 2.3 
Level Present Work (10-
15 sec) Caraca (CA72) 
(keV) f ,f = 1 ±0.15 f =0.75, f = 1.15 f f = 1 
n e n e n' e 
2091 375+140 
- 80 
430 + 140 
- 80 150 ± 50 
3288 205 + 80 233 + 90 120 ± 55 
- 60 - 60 
4128 < 300 
4513 380 + 270 
- 140 
425 + 270 
- 140 300 ± 80 
The 840 keV (4128 ~ 3288 keV transition) gamma ray was too weak in 
the individual spectra to measure a Doppler shift. However, in the 
summed spectrum (fig. 2.6) it is clearly broadened (F.W.H.M. ~ 12 keV). 
The 898 keV 88 Sr peak in the y-y calibration is 4.5 keV F.W.H.M., so 
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Fig. 2.8: Energy level sch eme of the mass 34 T = 1 multiplet. The 
branching ratio data for 34 Ar are taken from (CA72). 
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Fig. 2.9: F(T) attenuation coeiftcients for 34 Ar ions slowing in 
1 h f h 1 2 (J ) ) 4 sup ur, or t S He,ny Ar re~ction. All curves were 
calculated w1th f = 1.15 and f = 0. 75; an error of ±20% was 
e n 
assign d to the theoretical estimates. The calculation for the 
4.513 MeV stat is pr scnted (top), with its assigned errors. 
The lower curves in the E = 3.287 and 2.091 McV cases show 
X 
the F(T) curves correct d for cascade feeding of the levels 
from higher states. The dashed lines indicate the associated 
errors. The upper curves are the calculations uncorrected for 
cascades. 
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that the 0°-90° shift of the 840 keV peak is,..., 5 keV. This corresponds 
to F(T) > 0.8. Taking a conservative estimate of F(T) > 0.5 we can say 
that T(4128) < 300 fs. 
2.5 DISCUSSION 
Good agreement between the present work and previous studies of 
34 Ar is evident for excitation energies and branching ratios. For the 
lifetimes measured here agreement with (CA72) is poor, all values being 
greater than previous measurements. The reason for this discrepancy is 
not clear. The F(T) program has been checked against similar programs 
in other laboratories, but calculations using the Oxford data (CA72) 
predicted lifetimes,..., 201o less than their published results. However, 
that discrepancy has since been accounted for since it is now known 
(CA72b) that their F(T) calculations included the effects of a thin 
sulphur layer (20 µgm/cm2 ) on the face of their target. If the thick-
ness of that layer had been underestimated, then excellent agreement for 
the lifetimes of the 3288 and 4513 keV levels could result. 
If our target was substantially thinner than surmised, then our 
lifetimes would be overestimated because of substantial stopping in the 
tungsten backing, but calculations indicate that our target would have 
to be as thin as,..., 20 µgm/cm2 to reproduce the results of Caraca et aZ. 
Measurements of granular size (section 2.3.2) and monitoring of target 
yield show that such an error in the estimate of the target thickness i s 
not possible. Values for all physical constants used in the F(T) 
calculation are well established, the only variable being the density of 
the sulphur, but cables (KI63) show that at liquid nitrogen temperatures 
the density of sulphur is increased by only,..., 3%. 
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A drawback of the technique used here is that no preselection of a 
particular neutron group is possible, and so corrections for cascades 
must be made. However, the correction process is exact and can only be 
affected by the direct level populations, all of which were closely 
fixed by the measured gamma ray intensities. One advantage of the 
present work over previous measurements is that the recoiling ions slow 
down in a light medium, for which the Lindhard method has been shown to 
produce more reliable results. 
From our measured lifetime (f = 1. 15, f = 0. 7 5), the E2 transition 
e n 
strength of the 2091 keV decay is calculated to be 7. 1 ± 2. 3 W. U. The 
square root of this strength is proportional to the relevant transition 
matrix element; fig. 2.10 presents the matrix elements for the lowest 
T = 1, ~T = 0 E2 transitions in the mass 34 multiplet, plotted as a 
function of T3, the isospin projection quantum number. The two results 
for 34 Ar were averaged and a linear least squares fit to the data 
performed, giving, in the notation of equation (2.11), a value of 
= 0.27 + 0.13 
for the ratio of isovector to isoscalar matrix elements. 
Glaudemans et al. (GL71) show that this ratio of matrix elements is 
proportional to the ratio of isovector to isoscalar charges, giving 
= 
J3 (e -e ) p n 
(e +e ) p n ' 
where e and e are the effective proton and neutron charges p n 
respectively. We find that 
= 0.16 + 0.08. 
This is much lower than the value of O. 36 ± 0 .13 obtained by (GL7 l) from 
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Fig. 2.10: Square root of the transition widths of the lowest E2 gamma 
decays in the mass 34 nuclei as a function of T . The result of 
the present work was averaged with that of (CA72) and a least 
squares fit made (solid line). The 34 S and 34 Cl results are from 
(GR70, RA70) and (BR70) respectively. 
a least squares fit to 14 E2 transition strengths in the mass 30 to 34 
region. 
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The present work, as a test of the dependence on T
3 
of the electro-
magne ic ransi 10n sLrengths, has been incnnclusive. The lineari y of 
the d 0 pendenc~ using the averaged 209 keV sta e lifetime~ was 
verified with a ' of 0.24, but this low value reflects the large errors 
associated with the life~ime measurements rather than the 'goodness' of 
the isospin quantum number. A least quares fit using only our own 
resulc for the 2091 keV level gave ax of 1.08, and therefore our data 
were still consistent with the linear dependence of the matrix elements. 
The ground state transition from the 3207 keV level in 34 Ar was 
' fo und to be very weak ( f( E2) = 0.16 z 0 ~ 11 W.U.). This transition 
strength is less than that of the equivalent level in 34 S (3.304 keV; 
f(E2) = 0.89 ± 0.18 W.U. (GL71)) implying that the effective neutron 
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charge is greater than the effective proton charge. A similar situation 
has been found in other T = 1 triads (2 6 Mg - 2 6 Si (BE69b) , 3 0 Si - 3 0 S 
(GL71, CA72)). Calculations for the decay of the second 2+ state in the 
mass 34 triplet give 
e -e p n 
e +e p n 
= 
-0.34 ± 0.46 
or 
' 
-2.01 ± 1.67 
the ambiguity arising because no measurement has yet been made of the 
relevant lifetime in 34 Cl. 
2.6 CONCLUSION 
Excitation energies and branching ratios have been established for 
most of the bound states in 34 Ar. Measurements have also been made of 
lifetimes of three excited states in this nucleus using the D.S.A.M., 
but agreement with previous measurements is not good. No explanation is 
apparent for the discrepancies. 
The present results are consistent with the predicted linear 
isospin dependence of matrix elements, but a more rigorous test must 
await the resolution of the discrepancy in the 34 Ar lifetimes, and a 
remeasurement of the poorly defined 34 Cl lifetime. 
Our results have shown that the effective proton and neutron 
charges are almost equal in this region of the 2s-ld shell. Further-
more, the analysis of the decays of the second 2 states indicated that 
the effective neutron charge might be greater than the effective proton 
charge, although the assigned errors are such that (e -e) might still p n 
be small and positive. 
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An energy level diagram summarising the present results is shown in 
fig. 2. 11. 
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Fig. 2.11: Decay scheme of 34 Ar as determined in the present experiment. 
CHAPTER 3 
ENERGY LEVEL IDENTIFICATION USING RESONANT SCATTERING 
OF NEUTRONS FROM LITgruM 
3.1 INTRODUCTION 
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Neutron producing reactions with small, negative Q-values are 
convenient for the study of electromagnetic decay in certain nuclei. If 
there is a significant cross section for decay to a particular level in 
the residual nucleus at energies slightly above threshold, then analysis 
of gamma ray distributions may be simplified by assumings-wave neutron 
emission. 
Where the energy level scheme is not already known, the existence 
and position of levels may be deduced from the sudden appearance of 
peaks in a Ge(Li) spectrum as the incident energy is raised above the 
threshold for excitation of particular levels. This technique has been 
used elsewhere in this thesis (chapter 4) but it occasionally leads to 
ambiguous results and independent evidence is required. If there is no 
accessible alternative reaction available, it is necessary to examine 
the spectrum of the outgoing neutrons. Threshold detection techniques, 
such as the counter ratio method, are not always satisfactory and may 
mislead if the slow neutron yield does not rise rapidly just above 
threshold, or if the fast neutron yield has large fluctuations. Since 
this laboratory does not have a time of flight system, a cheap 
alternative was sought in order to pursue a series of studies of 
(charged particle,n) reactions on light and medium mass nuclei. A 
technique using resonant scattering of neutrons from 7 Li was chosen as 
it offered a simple experimental method and excellent energy resolution. 
This detection system samples the emergent neutrons at 260 keV above 
threshold, where the yield is usually much higher, thus overcoming a 
drawback of the counter ratio method. 
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An example where the resonance technique might be useful is in the 
study of proton rich nuclei via the (3 He,n) reaction. The only 
alternative reaction in this case is often the (p,t) process, which 
usually has a prohibitive Q-value for a laboratory limited to tandem 
energies. As noted in the preceding chapter, the gamma yield associated 
with the (3 He,n) reaction is often so much less than the competing 
( 3 He, a) and (3 He,p) reactions that (n-y) coincidence techniques are 
necessary. In this latter case, the neutron energy requirement is such 
that gannna threshold techniques are impossible. 
Several versions of the detection system described in this chapter 
have been built in other laboratories (EV69, MC60, FE59, BI66), but 
because of their use in inelastic neutron studies, and the concomitant 
need for heavy shielding, they have been bulky, innnoveable devices. It 
was decided that the system desired for this laboratory needed to be 
small and mobile in order to be used on two different accelerators. As 
the device was only to be used for (charged particle,n) work, the bulk 
of the shielding used in previous detection systems was unnecessary. 
Due to the expected small size, the efficient shielding properties of 
more exotic materials could be economically used. Further reduction in 
size could be achieved by the suhstitution of few, highly efficient, 
3 He-filled proportional counters instead of the tens of 10 BF3 tubes used 
in earlier devices of this type. 
It was hoped that using these counters and taking extreme care in 
shielding, that, with the low background associated with (charged 
particle,n) reactions, a performance equal to or better than previous 
systems could be achieved. 
In this chapter are reported the development and testing of the 
spectrometer. Also presented are the results of a preliminary 
investigation of the 16 0(3 He,n) 18 Ne reaction. 
3.2 MODE OF OPERATION 
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The neutron elastic scattering cross section of 7 Li displays only a 
single resonance, at E = 258 keV, over a wide range of energies 
n 
(fig. 3.1). This resonance is sharp (r = 32 keV) and prominent, standing 
well above the background (er k = 12 bn, ob k d = 1. 1 bn). At all p ac groun 
other energies the cross section is featureless and increases 
monotonically to,...., 2.3 bn at 4.5 MeV. The narrow peak in the elastic 
cross section allows use of the resonant scattering phenomenon as an 
energy selector. In practice, neutrons produced in a reaction are 
collimated onto a block of lithium and the ratio of scattered to 
transmitted neutron fluxes is measured. When the neutron energy is 
equal to the resonant energy, the transmitted flux will be attenuated, 
and the scattered flux augmented (fig. 3.2). Thus an excitation 
function of the ratio of scattered to transmitted fluxes will display 
peaks corresponding to levels in the residual nucleus. 
The performance of a neutron spectrometer using the resonant 
scattering process is not limited by those factors noted for the counter 
ratio method. The emergent neutrons are examined,...., 260 keV above 
threshold, and so the frequently poor yield at threshold is unimportant. 
In addition fluctuations in the fast neutron yield from a single level 
will affect all counters equally, and the ratio will be unaltered. 
However, variations in the ratios of yields from different levels are 
still important, but the effect of such fluctuations can be minimised by 
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Fig. 3.1: 7 Li elastic neutron scattering cross section as a function 
of neutron energy (HU58). 
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The ratio of yields in the back counter (¾) on and off resonance 
may be expressed 
ex: 
-Not R 
e 
e 
-Not' 0 
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where N = number of lithium atoms/cm3 , t = thickness of lithium, and oR 
and a0 are elastic neutron cross sections for lithium on and off 
resonance. To obtain a large peak in the excitation function of the 
ratio, Rb must be small, i e. the thickest possible scatterer should be 
used. However, too thick a scatterer would reduce the count rate in the 
rear detector below that necessary to obtain good statistics in a 
reasonable collection time. 
Similarly, the criterion for the side counter (R) may be written 
s 
R a: 
s 
-Nat R 1 - e 
-Na0 t l - e 
and this is a maximum at t = 0, taking the value R ( t=O) a lr 
0
Rl • However 
s ao 
a thick scatterer is needed to give good statistics in the side counter. 
These criteria are somewhat modified by the addition of a constant 
background; calculated values for th~se parameters, and the side/rear 
ratio are shown in fig. 3.3. A constant 10% background has been assumed 
for these calculations, which, in the light of later experience, is an 
overestimate, values of 6-7% being typical 
The optimum value of the thickness thus seems to be,...., 5 cm, but in 
the interests of good resolution it is important that, on average, any 
neutron should only make one collision in passing through the scattering 
block. The 1/e attenuation length ( £ ) for 260 keV neutrons in lithium 
is"' 1.5 cm, and so the dimensions of the block should be limited to 
less than 2£ (3 cm). 
3 
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Fig. 3.3: Estimates of the ratio of yield on and off resonance for 
side and rear counters as a function of the thickness of the 
lithium scatterer. The side/rear ratio is also shown and 
indicates that the optimum thickness of lithium should be - 5 to 
6 cm. A constant 10% background in each counter was assumed. 
Accordingly a thickness of 2 5 cm was chosen for the lithium 
scatterer. This is similar to the value adopted for earlier devices. 
The scatterer was cast from natural lichium (92.6% 7 Li) into a 
2.5 7.5 20 cm stainless steel can (O 5 mm wall thickness) and sealed 
with vacuum dried petroleum jelly. No special precautions were needed 
to prevent the lithium oxidising during this process as a protective 
lithium oxide skin forms on the surface of the melt. Stirring was 
necessary to eliminate gas bubbles in the liquid lithium. 
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The projected use demanded that the shielding on the front face of 
the device should provide adequate attenuation of neutrons with energies 
of up to several MeV. The elastic scattering cross section of hydrogen 
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falls off rapidly above 3 MeV, and thus, to avoid cumbersome amounts of 
hydrogenous shielding, the use of a more dense material was dictated. 
- In this energy range, over half the cross section for neutron scattering 
from medium mass and heavy nuclei is accounted for by inelastic 
scattering, which is therefore very important in the degradation of 
neutron energy (MA60). A single inelastic collision will reduce the 
mean neutron energy to approximately 1 MeV (TASS, LA60), and so heavy 
metal shielding, backed by a layer of hydrogenous material, will provide 
adequate fast neutron attenuation without extreme bulk. Iron is usually 
considered satisfactory, but as space was at a premium, copper was 
chosen as the primary frontal shielding because it has one of the 
largest products of atomic density and inelastic cross section. In 
addition, copper has a relatively smooth total cross section, 
particularly at neutron energies above SO keV. Primary shielding was 
provided by 15 cm("' 5 attenuation lengths at E =3 MeV) of copper 
n 
backed by 22 cm of paraffin wax loaded with boric acid. Neutrons were 
collimated through a 17.5 x 5 cm rectangular channel in the copper and 
wax onto the lithium scatterer, which was pressed firmly against the 
collimator exit. Shielding on all other sides, except the rear, was 
15-25 cm of paraffin wax loaded with boric acid . 
. The original specification called for two proportional counters 
placed parallel to the long side of the lithium block to measure the 
scattered yield, and a long counter for the transmitted flux. All 
preliminary tests were performed using these components. 
+ 
The proportional counters , containing 3 He gas at 10 atmospheres 
pressure, were 25 cm long and 2.5 cm diameter; the active length of the 
counters was"' 15 cm. The detection process is via the reaction 
t Supplied by Texas Nuclear Corporation, Austin, Texas. 
46 
3 He + n ~ p + t + 770 keV. 
The calculated efficiency for such a proportional counter is,..., 5.3 x 10- 4 
for 260 keV neutrons; this is approximately ten times as great as a one 
atmosphere 10 BF3 tube. Because of the positive Q-value associated with 
the detection mechanism, and the rapid rise of the 3 He(n,p)t cross 
section at low energies, the proportional counters are extremely 
sensitive to thermal neutrons and must be carefully shielded. 
The positive Q-value also simplifies discrimination against y-ray 
induced pulses. 
High voltage was applied to the counters through 0RTEC Model 121 
preamplifiers. Pulses were RC shaped with 2 us time constants, 
amplified, passed through a T.S.C.A. and fed into a multichannel 
analyser. 
Great care had to be taken to ensure cleanliness of all joints in 
the E.H.T. cables as sporadic breakdown across the insulation proved 
extremely difficult to eliminate. Such events would introduce spurious 
pulses which, due to their odd shape, could pass S.C.A. discriminators 
and yield misleading results 
problem. 
Ultra clean cable joints eliminated the 
It was found that the resolution of the counters deteriorated when 
the voltage applied to the counters was increased above +1200 V, and so 
+1200 V was adopted as the optimum value. 
'Fast' and 'thermal' neutron yields were determined by setting 
energy windows on the 260 keV and thermal neutron peaks respectively, 
and feeding the S.C.A. outputs into scalers . 
An extensive series of tests were carried out to determine the best 
positions for internal components, and to define the optimum parameters 
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for the detection system. For test purposes, neutrons were produced by 
the A.N.U. Type AK Van de Graaf£ accelerator using the 7 Li(p,n) 7 Be 
(Q=-1.643 MeV) reaction on lithium metal targets with thick tantalum 
backings. Typical target thicknesses were of the order of 50 µgm/cm2 , 
which corresponds to a proton energy loss of 7 keV. The target was 
water cooled and surrounded by a cold shroud to reduce carbon build-up. 
All measurements were made at zero degrees. 
Tests were carried out to determine the efficiency of various 
shielding materials. It was desired to attenuate the thermal neutron 
flux through the counters as much as possible without a similar effect 
on the fast neutron yield. The most convenient shielding proved to be 
thin cadmium and tantalum sheets wrapped around the 3 He counters, 
reducing the thermal rate to,...., 10% of its unshielded value. The fast 
flux was reduced by 80% at the same time, but in view of the large 
reduction in the thermal yield, this was considered to be acceptable. 
Doubling the thickness of the cadmium had little effect, but the 
addition of thin layers of indium and silver, both of which have 
neutron absorption characteristics similar to cadmium, but with the 
major slow absorption peaks at slightly different energies, slightly 
improved the thermal neutron attenuation. 
The long counter was shielded by 1 mm thick cadmium sheet to reduce 
the thermal neutron background. 
Using counters thus shielded, it was possible to determine the 
effect of the relative positions of all components on the side/rear 
ratio. In all calculations of the ratio, the expression 
was used. 
L 'fast' counts in side counters 
total counts in long counter 
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Best results were obtained when the lithium block was pressed hard 
against the collimator exit. A further improvement was obtained by 
placing a 1 mm cadmium sheet before the lithium block to prevent thermal 
neutrons reaching the side and back counters. 
Measurements were also made to determine the best positions of the 
3 He counters relative to the lithium block. Although at resonance 
energy the 7 Li(n,n) differential cross section displays a minimum at 90° 
(LA64), the peak/background ratio deteriorated by 15% when the counters 
were moved from 90° to 40°. The 90° position was adopted as standard. 
With this geometry it was possible to get 2:1 peak/background ratio 
using the 7 Li(p,n) reaction; however the peak was extremely broad and 
showed significant tailing. An immediate improvement was obtained by 
lining the collimator with graphite (fig. 3.4). A further enhancement 
was obtained by the use of a special wax and boric acid collimator, 
lined with 3 mm graphite sheet, which tapered towards a point 25 cm in 
front of the face of the shielding. 
The cross section for the 3 He(n,p)t reaction is four orders of 
magnitude greater at thermal energies than for 260 keV neutrons (HU58). 
Therefore, to increase the peak/background ratio, a proportional counter 
was embedded in a paraffin wax moderator surrounded by cadmium shielding. 
Thermal neutrons would be prevented from reaching the moderator by the 
cadmium shielding, but the resonant neutrons scattered by the lithium 
would readily traverse the cadmium and then be moderated by the wax into 
the more sensitive response region of the proportional counter. 
In an effort to increase the peak/background ratio, a proportional 
counter was embedded in a paraffin wax moderator surrounded by cadmium 
shielding. The ratio 
total thermal flux in side counter 
total flux in long counter 
was compared with that given by a similarly cadmium shielded counter 
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Fig. 3.4: Excitation function for the 7 Li(p,n) 7 Be reaction illustrating 
the reduction in peak width obtained by lining the collimator with 
graphite. 
without the moderator. It was found that the ratio was considerably 
enhanced by this technique, A bonus from the method was the ease of 
setting the energy windows on the thermal neutron peak. Gamma ray 
discrimination with 
3
He counters is unimportant, and so quite generous 
energy windows were set (E ..:: 500 to 900 keV). The original technique of n 
placing energy windows on the fast neutron peak was difficult to set up, 
and, in addition, was sensitive to gain drifts because of the proximity 
of the large thermal neutron peak. 
The final improvement was to replace the long counter by a third 3 He 
proportional counter set in a block of paraffin wax suitably shielded to 
attenuate thermal neutrons. This required additional shielding at the 
rear of the spectrometer, and a further 15 cm of wax loaded with boric 
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Fig. 3.5: Excitation function of the 7 Li(p,n) 7 Be reaction. A peak/ 
background ratio of....., 3.5:1 was obtained for neutrons decaying to 
the 7 Be ground state. 
acid was added. To reduce the off-resonance background, all the 
interior voids not in direct neutron paths were filled with sachets of 
powdered boric acid. 
With this arrangement 7 Li(p,n)~Be zero degree side/rear ratio 
excitation function (fig. 3.5) was measured. 
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The final arrangement was as shown in fig. 3.6. The moderators 
were 5 7. 5 x 25 cm for the side counters, and 15 x 10 ;(. 25 cm for the rear 
counter. These sizes were chosen to give optimum response to 260 keV 
neutrons. The moderators were shielded from thermal neutrons on all 
faces by 2 mm of cadmium; in addition, the open face of the back 
counter was shielded by 0.7 mm of tantalum, and the open flank of the 
side counters by 0.7 mm of tantalum, 0.5 mm of silver and 0.3 mm of 
indium. 
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The device now fulfilled the original requirements as regards 
compactness and mobility. External dimensions are only 76 x 71 x 102 cm. 
Although the spectrometer weighs,..._, 400 kg, it is mounted on a trolley 
and can easily be moved by two people. 
The S.C.A. logic pulses are counted in scalers coupled to an I.B.M. 
1800 on-line computer which, at the end of each measurement, records the 
various counts, charge, time and beam energy. A program then calculated, 
printed, displayed and stored on disc the required ratios and 
statistical errors. 
3.4 RESULTS AND LIMITATIONS 
If the fraction of the total incident flux which is transmitted by 
the lithium is T and T on and off resonance respectively, the peak to r o 
background ratio can be expressed as 
Ratio = 
T (1-T) 
o r 
T (1 - T ) • 
r o 
Using the previously noted values of oR and o0 , the maximum ratio 
for a 2.5 cm scatterer is 14.6 to 1. Previous devices have achieved 
ratios of 7:1 with the 7 Li(p,n) reaction. Tests using the T(p,n) 3 He 
reaction have yielded ratios of 6.5:1 (fig. 3.7) for the device 
described here. A 230 µgm/cm2 tritiated titanium target was used for 
this test. 
The T(p,n) 3 He excitation function displays a small rise in the 
ratio at approximately E = 430 keV, which is probably associated with 
n 
strong scattering resonances of boron and oxygen (both of which are 
present in large quantities in the shielding) near this energy. The 
gradual rise at higher energies is due to the slow increase of the 
scattering cross section of lithium (fig. 3.1). 
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As a test of the resolution of the spectrometer, the 65 Cu(p,n) 65 Zn 
reaction was studied. The 65 Zn nucleus is suitable for this purpose as 
there are four states below 210 keV excitation; fig. 3.7 shows that, 
although in one case the level separation is as little as 60 keV, all 
four levels are well resolved. The highest energy peaks are somewhat 
attenuated by non-resonant neutrons feeding lower lying states. 
A similar situation is evident in 47 V. This nucleus was studied by 
Mccallum et aZ. (MC60) by means of the reaction 47 Ti(p,n) 47 V (Q=-3.699 
MeV) using an earlier spectrometer of similar type. The measurement was 
repeated to give a qualitative comparison between the present instrument 
and earlier versions. 
Isotopically enriched titanium metal targets, thickness 150 µgm/cm2 
(....., 9 keV thickness for 4 MeV protons), were bombarded by protons 
provided by the A.N.U. Tandem facility. A 90° excitation function of 
the counting rate ratio was measured from 3.8 MeV to 4.9 MeV incident 
proton energy (fig. 3.8); this should be compared with fig. 4 of 
(MC60). The performance of the detection system described here is equal 
to that of the earlier, much larger device. The ground state and first 
three excited states are clearly resolved, but the peak corresponding to 
the 660 keV level is very small. 
It is clear that the observation of excited states is critically 
dependent upon the intensity of the neutron feeding of the lower states. 
In the case of 47 V, the very strong population of the 88 and 146 keV 
states is sufficient to almost completely attenuate the peak 
corresponding to the 660 keV level. 
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3.5 THE (3 He,n) REACTION; 16 0(3 He,n) 18 Ne 
3.5.1 Introduction 
The study of the (3 He,n) reaction by the resonant scattering method 
presents a technical problem not associated with (p,n) reactions. The 
higher stopping powers for 3 He particles demand ultra-thin targets if 
good resolution is to be obtained. The use of such targets inevitably 
means that the reaction yield is small unless large beam currents are 
used, which of course introduces associated problems of target cooling. 
As an initial test, the reaction 16 0( 3 He,n) 18 Ne (Q=-3.199 MeV) was 
examined. 18 Ne is a nucleus in which the unique properties of the 
resonance spectrometer should be extremely valuable. 
The existence of excited states at 1.887, 3.376 and 3.614 MeV was 
demonstrated by Towle and Macefield (T061) using the slow/fast ratio 
threshold method; they commented that the yield of the slow neutrons 
defining each threshold was extremely small. In addition, by analogy 
with the mirror nucleus, 18 0, a further state is predicted at"' 3.6 MeV; 
this has been found by Robertson et al. (R069) at 3.576 MeV. However, 
the existence of this level has been deduced from y-decay data only, and 
no particle decay to this state has yet been observed. 
The presence of the 3.576 MeV state could in principle be confirmed 
by the resonance scattering technique, but a successful observation of 
this level is critically dependent upon the strength of the neutron 
feeding of the ground and 1.887 MeV states in the (3 He,n) reaction . 
3.5.2 Experimental Details 
The target thickness problem for 3 He reactions is aggravated by the 
need for oxygen to be in a solid compound form. Vanadium pentoxide and 
tungsten oxide were evaporated onto thick gold backings to give targets 
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of thickness 100 µgm/cm3 , which correspond to a 3 He particle energy loss 
of 17 keV (V2 05 ) or 11 keV (W03 ). The targets were mounted at 45° to 
the beam. The incident beam was collimated by a 0.5 cm tantalum 
aperture 20 cm from the target, and by a 0.75 cm aperture positioned 
four metres from the target. 
At these elevated energies, the 12 C( 3 He,n) and 13 C(3 He,n) reactions 
have significant yields, and will increase the neutron background. To 
minimise yield from carbon build-up on collimators, the aperture nearest 
to the target was protected by a cold trap, and, in addition, 
electrically insulated so that the collimator current could be monitored 
and kept to a minimum. 
Beams of 3 He++, of between 7.0 and 8.5 MeV, were produced by the 
A.N.U. Tandem Van de Graaff facility. Typical beam currents were of the 
order of 200-400 nA. 
Excitation functions of the side/rear ratio were taken at zero 
degrees and twenty degrees over the range of 3 He energies corresponding 
to 1.8 to 3.9 MeV excitation in 18 Ne. 
3.5.3 Results 
Both excitation functions were completely featureless, and showed 
no sign of even the relatively strongly populated state at 1.887 MeV. 
The ground state was not included in the excitation function. 
Th f th b f h isN . 1 e reason or ea sence o t e estates is c ear. From the 
65 Zn and 47 V results it seems that the peak/background ratio is 
attenuated at higher excitation energies by fast neutrons decaying to 
lower states. The 18 Ne levels are at relatively high excitation (2 to 4 
MeV), and the peaks are completely attenuated. The results indicate 
that the ground state is so strongly populated in this reaction that 
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even the 1.887 MeV level cannot be observed. 
3.6 SUMMARY AND CONCLUSION 
The objective of building a compact resonant spectrometer has been 
successfully achieved. The use of highly efficient 3 He proportional 
counters has allowed a significant reduction in size relative to earlier 
instruments of this type, whilst giving equal performance. 
However, certain limitations are apparent. The more serious of 
these is the attenuation of peaks in the excitation function, as energy 
increases, by non-resonant fast neutrons decaying to lower levels. The 
47 V results (fig. 3.8) show that the 660 keV peak is severely attenuated 
even though gamma work (chapter 4) shows that this level is strongly 
populated in the (p,n) reaction. The 18 Ne results indicate that any 
peak in the excitation function would be completely attenuated at 1.8 
MeV excitation, thus restricting the useful range of excitation in the 
residual nucleus to be less than -- 1.5 MeV. 
In addition, the performance of this device is directly affected by 
target thickness, making extremely thin targets, with their associated 
low yield, mandatory if the resolution afforded by the natural width of 
the lithium resonance is to be realised. This limitation favours the 
use of the (p,n) reaction rather than those initiated by particles of 
higher Z. 
The choice of possible reactions is further limited by the need for 
a negative Q-value. Thus the majority of (p,n) and (a,n) reactions are 
eligible, but such (3 He,n) reactions are scarce. Deuteron induced 
reactions would be impractical because of the associated high neutron 
background. 
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These properties restrict the range of application of the 
spectrometer; the good resolution and the necessarily low excitation 
indicate that the device would be suited for the study of nuclei with 
many low lying states, such as even-odd nuclei with medium or heavy mass. 
This must be qualified however, as the negative Q-value reactions are 
often better studied by other procedures (e.g. the counter ratio method; 
appearance of new gamma peaks in Ge(Li) spectra just above threshold); 
however, the resonance technique will be superior when the level density 
is high, or, because it examines the emergent neutrons~ 260 keV above 
threshold, in cases where the yield is low at threshold. 
In addition, for (a,n) and (3 He,n) reactions, the yield from 
competing reactions is often such that conventional gamma threshold 
techniques are unsuitable and coincidence measurements must be made. 
The neutron energy requirements are then usually such that threshold 
experiments are impossible. The resonance technique would be suitable 
in this case. 
The resonance spectrometer can be used to measure reaction Q-values, 
but cannot be expected to be as accurate as the counter ratio method of 
Bonner and Cooke (B054). Uncertainties of the resonance technique are 
those of target thickness, and errors associated with the exact energy 
of the lithium resonance, but this latter uncertainty could be 
eliminated by comparison with nearby well known (p,n) Q-values, 
particularly if a compound target could be used. In addition, there is 
inaccuracy associated with the determination of the centroid of a 30 keV 
wide peak, which will have, at least on one side, a poorly defined 
background. Despite these uncertainties, it is possible to determine 
Q-values to within 1 to 3 keV, and once again, when the yield at 
threshold is small, it may be advantageous to use the resonance 
technique. 
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The resonance spectrometer provides a valuable means of confirming 
results obtained by more conventional techniques. In many cases, its 
unique properties are needed to resolve ambiguities in energy level 
structure. To a laboratory without any time of flight system, this 
technique, albeit of limited application, provides a cheap, high 
resolution, neutron spectrometer. 
CHAPTER 4 
GAMMA RAY SPECTROSCOPY IN 47 V 
4.1 INTRODUCTION 
The level structure of 47 V has been well established by a variety 
of methods. 
The ground state spin was established as 3/2- by stripping 
reactions (R067a, R067b) and atomic beam techniques (RE67). The low 
energy levels (E < 700 keV) were initially investigated via the (p,n) X 
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reaction (MC60), but the majority of levels have been established using 
the 46 Ti(T,d) reaction (R067b, CU69b, D067, SP67). In the latter 
reaction, i values were assigned to the transferred proton and parities p 
assigned to levels in the residual nucleus. In some cases, the 
assignment of spins was possible. Further studies using the 50 cr(p,a) 
reaction (BR66) revealed levels not populated in the (T,d) reaction. 
Proton capture studies (AL60, AL67a, MC70, WI70) served to confirm 
previous Jw assignments of the low lying states, and measurements of 
branching ratios of some of these levels were made. In addition, 
conversion electron studies of the 88 keV level have been made by Menti 
(ME67). 
Previous to the work reported here, no gamma ray data, other than 
that from the (p, y) experiments, were available. No measurements of the 
lifetimes of excited states below E = 1300 keV have been made. It was 
X 
the aim of the present experiment to measure these lifetimes, and to 
assign Jw values using the 47 Ti(p,ny) reaction (Q=-3.699 MeV). In 
particular, a search for the low lying 9/2 and 11/2 states predicted 
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by Malik and Scholz (MA66) was made. The (p,ny) process should prove 
suitable for population of these high spin states. The ground state of 
47 ff -the Ti target nucleus has J =5/2 , and so protons with t-values as 
low as 2 should give substantial populations of the levels of interest. 
The use of an even-even target (e.g. for 46 Ti(T,d) and 50 cr(p,a)) will 
produce a more aligned nucleus, but will require large i transfers to 
populate the high spin states, with an associated reduction in yield. 
In addition, a special effort was made to observe the previously 
unseen gamma decay of the 146 keV level. This level is populated in the 
(p,n) and stripping reactions but was not observed in the (p,y) 
experiments. 
An energy level diagram summarising past and present results is 
shown in fig. 4.1. 
4.2 EXPERIMENTAL NOTE 
Certain facets of the experimental arrangement were common to all 
the measurements described in this chapter. 
In all cases, the target chamber and collimation system were as 
described for the 34 Ar investigation (chapter 2, section 2.3.1). The 
same techniques were used in aligning the chamber; all germanium 
counters were mounted on an aluminium rotating table centred below the 
target chamber, and an accuracy of ±1° was obtained for all angular 
measurements. 
The proton beams used for the 47 Ti(p,ny) 47 V measurements were 
provided by the A.N.U. Tandem Van de Graaf£ facility. In all cases, the 
beam was focused through the collimation system such that a negligibly 
small proportion of the beam struck the collimator and produced 
background radiation. A beam spot size of,_ 3 mm diameter was typical. 
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Except where otherwise noted, titanium metal targets were formed by 
the vacuum evaporation of isotopically enriched titanium from a tantalum 
boat onto 0.5 mm tungsten backings. The isotopic composition of the 
target material is shown in table 4.1. 
Table 4.1 
Composition of Target 
Isotope Atomic% (p ,n) Q-value* MeV 
46Ti 1.9 
-7.836 
47Ti 79.5 
-3.699 
48Ti 16.5 
-4.795 
49Ti 1. 1 
-1. 385 
soTi 1.0 
-2.997 
* taken from (MA67) 
The relative abundances of the isotopes in the target and the (p,n) 
Q-values ensured that the 47 Ti(p,ny) reaction predominated. 
4.3 EXCITATION FUNCTION 
As a preliminary to lifetime and angular distribution measurements, 
a coarse 90° excitation function was measured between 4.15 MeV and 5.25 
MeV incident proton energy. The excitation energies of the 47 V levels 
were calculated from the compilation of Lewis (LE70) using a Q-value of 
-3.699 MeV; the incident proton energy was then selected so that 
spectra were accumulated below and above the level of interest. The 
appearance of a new peak in the higher energy spectrum signified a gamma 
ray decay from the level under investigation. 
A thin target was used for the excitation function (150 µgm/cm2 , 
"' 9 keV thick for 5 MeV protons). The target was set at 45° to the 
incident beam. 
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All data were collected with a 36 cm3 Ge(Li) detector set at 90° to 
the beam axis. Spectra were accumulated in a 4096 channel array in the 
I.B.M. 1800 on-line computer. 
The results of this preliminary investigation are shown in 
table 4.2. 
Table 4.2 
E (keV) Ep Threshold Low Ef High Ep New Peaks Assignment X (MeV) (MeV (MeV) (keV) 
660 4.45 4.15 4.55 660 660 -+ 0 
572 660 -+ 88 
400 660 -+ 260 
1138 4.94 4.55 4.95 1050 1138 -+ 88 
878 1138 -+ 260 
478 1138 -+ 660 
1272 5.08 4.95 5.25 1126 1272 -+ 146 
1184 1272 -+ 88 
1295 5.10 5.07 5.25 1149 1295-+ 146 
The principal result of this experiment was the identification of the 
gaIIm1a ray decays of the 1138, 1275 and 1295 keV levels for the later 
lifetime and angular distribution studies. 
4.4 DOPPLER SHIFT LIFETIME MEASUREMENTS 
4.4.1 Experimental Details 
(a) Target 
A thin (150 µgm/cm2 ) enriched titanium metal target was used for 
the lifetime studies. The target was set at 90° to the beam. When 
measurements at 90° were necessary, the target was slightly turned so 
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that the front face was viewed by the Ge(Li) detector. 
(b) Detectors and Electronics 
Two 0RTEC Ge(Li) spectrometers (36 cm3 ; resolution,..._, 3.0 keV 
F.W.H.M. for the 1332 keV 6 °Co line) were used for gamma ray detection. 
The counters were set at 120° to each other at a distance of,..._, 5 cm from 
the target. The front faces of the detectors were protected by 1 mm Cu 
and 1 mm Pb sheets to attenuate low energy gamma rays and X-rays. 
Spectra from one counter were accumulated in a 2048 channel array in the 
memory of the A.N.U. I.B.M. 1800 computer, and those from the second 
were collected in 2048 channels of a Nuclear Data 2200 multichannel 
analyser, and then transferred into the 1800 computer. All spectra were 
stored on disc for later analysis. 
Combinations of 88 Y, 60 co, 65 Zn and 54 Mn sources were placed near 
to the target during collection to provide standard reference energies 
and to give a continuous calibration check on the spectra. 
Data were collected at 0°, 30°, 90° and 120°, and each angle was 
repeated at least once. Incident proton beams of the order of 
200-300 nA at 4.7, 5.1 and 5.4 MeV were used. Collection times were 
typically of two hours duration. 
4.4.2 Analysis 
Peak centroids were extracted using programs available in this 
laboratory (0P71). Calibrations were calculated using the source 
energies of Marion (MA68), and y-ray energies of interest extracted by 
interpolation using the known calibration. In all cases, the linearity 
of the system was such that a quadratic calibration was unnecessary. 
Individual gannna ray energies were least squares fitted to the 
expression E (8) = E + .6Ecos8, to yield the 90° energy, and the 0°-90° 
Doppler shift. 
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The compound nucleus reaction mechanism was assumed for this 
reaction and the average recoil velocity taken to be the velocity of the 
centre of mass (appendix A). F(T) calculations were carried out using 
the Carlson program (appendix A). Due to lack of experimental data on 
vanadium ions recoiling in titanium metal, the f and f correction e n 
factors were both taken as unity. Hvelplund and Fastrup (HV68) have 
reported measurements for several nuclei in this mass region slowing in 
carbon; interpolation between adjacent nuclei indicates that f = 1. 1 
e 
should be used in the case of vanadium. Calculations with such a value 
off lead to less than 5% reduction in the lifetime results presented. e 
For the purpose of the calculation, the effective density of the 
target was calculated on the basis of the relative isotopic abundances. 
An error of ±15% was assigned to the F(T) distributions so calculated to 
allow for uncertainty in the Lindhard formulae. 
4.4.3 Results 
A typical spectrum is shown in fig. 4.2; it should be noted that 
the density of gamma ray peaks is fairly high throughout the spectrum, 
and particular care had to be taken in determining the background during 
centroid analysis. Appropriately generous errors were allowed. The 
following measurements were made: 
660 keV level (E = 660, (572) keV· E = 4.7 MeV) y , p 
1138 keV level (E = 878, (1050) keV· E = 5. 1 MeV) y , p 
1272 keV level (E = 1184, (1126) keV; E = 5.4 MeV) y p 
1295 keV level (E = 1149 keV; E = 5.4 MeV) y p 
The analyses of the three bracketed peaks in the above list were 
complicated by ill-defined backgrounds. Less weight was given to 
results from the three decays although the measured values of F(T) were 
consistent with those determined from the alternative decays. 
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Fig. 4.2: Gamma ray spectrum for the reaction 47 Ti(p,ny ) 47 V measured 
at 0° for an incident proton energy of 5.4 MeV. 54 Mn and 60 co 
source peaks used for calibration purposes in the D.S. measurements 
· d' t d h · 47 V d 47 T. d are in ica e, as are t e maJor an i gamma ecays. 
Good agreement was obtained in all cases between energies and 
Doppler shifts in the separate counters. In addition, all of the 
energies so measured formed a self-consistent set, enabling the 
assignment of new excitation energies to the 47 V levels (table 4.3). 
Table 4. 3 
Excitation Energies in 41v 
Level II Ex (keV) l1E (keV) 
0 0 
1 87.7 ±0.3 
2 145.7 ±0.3 
3 259.6 ±0.4 
4 660.1 ±0.3 
5 1138.3 ±0.4 
6 1272.2 ±0.4 
7 1295.1 ±0.4 
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The results of the lifetime analysis are given in table 4.4. A typical 
F(T) curve, in this case for the E = 5 4 MeV measurements, is shown in p 
fig. 4.3. 
A full discussion of the results will be postponed until after the 
angular distribution data have been presented. However, one must note 
the unusually long lifetime of the 1295 keV level, which is a suspected 
11/2 state and should decay by pure quadrupole radiation to the 146 keV 
level. The measured F( r ) is almost exactly zero, but because of the 
large errors associated with this measurement, all that can be said with 
certainty is that T > 0. 7 5 ps. 
It may be noted that this lifetime is comparable with the lifetime 
of the 11/2- state in 47 Ti ((WE72), this thesis (chapter 5)) and 49 V 
(R072). 
Table 4.4 
Results of D.S.A.M. Analysis of 47 V 
E (MeV) Vel (%c) E (keV) E (keV) tiE 0°-90° p cm X y 
4.7 .211 660 660.1 ± 0.3 0.13 ± 0.08 
5.1 .220 1138 878.7 ± 0.3 0.175 ± 0.10 
5.4 .227 1272 1184.5 ± 0.3 0.43 ± 0.15 
5.4 .227 1295 1149.4 ± 0.4 0.023 ± 0.17 
F(T) 
f , f = 1. 0 ± 0. 15 e n 
0.093 ± 0.06 
0.069 ± 0.04 
0.160 ± 0.06 
0.01 ± 0.07 
T (ps) 
0 68 + l. 4 
. - 0.34 
0 96 + l. 7 
. - 0.44 
0 39 + 0.39 
. - 0.15 
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Fig. 4.3: F(T) attenuation curve for 47 V ions slowing in titanium metal. 
4.5 ANGULAR DISTRIBUTION MEASUREMENTS 
4.5.1 General Considerations; Threshold Technique 
(a) Alignment 
The aim of the present gamma ray angular distribution investigation 
is to extract information on the levels between which the decay takes 
place and on the multipolarity and mixing ratio of the decay. 
If we consider radiation of pure multipolarity (L,M) emitted in a 
• 
transition between nuclear states jJ 2 M1) and IJ3 M3 ), then clearly, 
conservation of angular momentum demands that 
and 
where IMI < L . 
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Associated with the radiation of a given L,M there will be a distinctive 
M angular distribution of gamma rays, denoted by FL (6). However, all 
combinations of transitions between the 2J2 +1 magnetic substates of 
IJ2M2 ) and the equivalent 2J3+1 substates of the residual level are 
possible subject to the above rules. If the relative populations of the 
substates of IJ2M2 ) are P(M2), then the total angular distribution, 
W(6), of a pure multipole decay will be given by the incoherent 
superposition of all the individual radiation patterns, which is 
W ( 6) = ~ P (M2 ) ( J 2 M2 LM I J 3 M3 >2 FL M ( 6) , 
M2 ,M3 
where the Clebsch-Gordan coefficient arises from coupling of angular 
momenta . M The FL (6) are such that isotropy results if all the P(M2) are 
equal . Clearly, to produce anisotropic decays we need to produce a 
non-uniform distribution of population parameters P(M2). Two classes of 
distribution may be distinguished: a nucleus in a state of spin J2 is 
said to be aligned if the populations P(M2 ) of its 2J2 +1 substates are 
not all equal, but are distributed such that P(M2) = P(-M2); if the 
populations are such that P(M2) ~ P(-M2), then the nucleus is said to be 
polarised . 
To extract information on the state spins and the multipolarities 
of the gamma decay it is necessary that the initial state is, at least, 
aligned. 
Several techniques are available for production of aligned nuclei, 
but only nuclear reactions will be discussed here. It is evident that 
such nuclei will be produced if the magnetic substates of the residual 
nucleus accessible in a nuclear reaction can be limited in some way. If 
we consider the reaction process illustrated in fig. B.l (appendix B) 
and take the incident beam as the axis of quantisation, it is clear that 
the highest magnetic substate (~) that can be populated in the residual 
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nucleus is given by 
= 
where m is the projection onto the axis of quantisation of t he orbital i2 
angular momentum of the outgoing particle. If the spin J 2 of the 
excited state is such that J 2 >~ then the nucleus is necessarily 
aligned. For a given reaction, Jo, s 1 , and s2 are fixed, and so the 
problem reduces to minimising mi
2 
(apart from choosing a reaction where 
Jo, s 1 and s2 are as small as possible). l?\_ I may be minimised by only 
accepting gamma rays in coincidence with particles emitted a l ong the 
axis of quantisation, which means that mt2 = 0 (Litherland and Ferguson, 
Method II (LI61)). An equivalent effect is obtained by l i miti ng the 
energy of the outgoing particle so that only s-wave emission results. 
We thus see that it is possible to create an aligned nucleus by 
adjusting the bombardment energy to be just above the t hr eshold for 
population of the level of interest. 
(b) Compound nucleus formation 
The compound nucleus formalism of Hauser and Fes hbach (HA52) as 
embodied in the angular distribution program 'MANDY' (SH66, SH69, see 
appendix B) was used to calculate the angular distr ibution of the gamma 
quanta for a given spin sequence, and this was then compared with 
experimental data. To ensure the validity of t his t echnique, the 
experimental conditions must be such that formation of the compound 
nucleus is favoured. Birstein (BI68) and Johnson (J064) have 
demonstrated that this will be so in the (p,n) r eacti on for emergent 
neutrons of less than 1 MeV. 
A further advantage follows from t he use of the (p,n) reaction in 
this case. The 47 Ti(p,n) 4 7 V reaction has a ne gat ive Q- value , and so, if 
the bombarding energy is only slightly above t he t h r eshold for the level 
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of interest, no higher states will be populated and there will be no 
perturbation of the angular distribution by cascades from higher levels. 
To sunnnarise, the advantages of the threshold t echnique used here 
are threefold: 
(1) The gannna ray anisotropy is maximised due to the good 
alignment achieved in the residual nucleus; 
(2) Conditions are such that compound nucleus f ormation is 
favoured; 
(3) The need for corrections for cascades from h igher levels is 
removed. 
4.5.2 Experimental Details 
(a) Targets 
An isotopically enriched titanium target of 600 µgm/cm2 thickness 
was prepared by the vacuum evaporation of titanium me t a l onto a 0.5 mm 
tungsten backing. For proton energies of 4 to 5 MeV the energy loss in 
traversing the target is only 30 keV (N070), and therefore the target 
was considered somewhat thin for the energy averaging required by the 
compound nucleus theory. To further increase the energy averaging, a 
5 µ tantalum foil was placed over the target f ac e to produce straggling 
in the incident beam. A preliminary experiment was performed to measure 
the spread in beam energy produced by the tantalum . The foil was placed 
at 45° to the beam and bombarded with 3 MeV protons . A surface barrier 
detector was used to measure t h e F . W. H.M. of t he elastically scattered 
peak. An energy calibration was t hen established by elastic scattering 
at 45° and 90° from a 10 µgm/ cm2 carbon foil. The s t r a ggling was thence 
calculated directly. It was concluded that t he tan t alum foil would 
spread the beam energy by r-v 100 keV. This, in conj unc tion with the 
target thickness, was considered sufficient to give adequate averaging 
over many compound nuclear states. 
The target was placed at 45° to the incident beam. 
(b) Experimental arrangement 
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A 36 cm3 ORTEC Ge(Li) detector was mounted on the rotating table at 
a distance of 18 cm from the target. The counter was positioned to look 
at the target through the tungsten backing. Pulses from this counter 
were accumulated in a 2048 channel segment of the memory of the I.B.M. 
1800 on-line computer. A 40 cm3 Nuclear Diodes Ge(Li) detector was used 
as a monitor, and was placed 25 cm from the target at an angle of go 0 • 
The monitor spectra were accumulated in 2048 channels of a Nuclear Data 
2200 multichannel analyser, and transferred to the computer at the end 
of each run. The data were then stored on disc for later analysis. 
The resolution of each counter was,...., 4 keV F.W.H.M. for the 1332 
keV 6 °Co line. Data were collected at 0°, 15°, 30°, 45°, 60°, 75° and 
go 0 • The 0°, 45° and goo points were measured at least twice. 
Proton beams of 4.8 and 5.5 MeV (giving a mean energy at the centre 
of the target of 4.48 and 5.16 MeV respectively) were used. Beam 
currents of the order of 400 nA required typical collection times of 2½ 
hours. 
The live time associated with each counter-A.D.C. combination, and 
the total experimental time were automatically recorded in the computer, 
as were the live charge and total charge. (These were automatically 
read from scalers by the computer when the data set was stored on disc.) 
Resonances in the (p,n) reaction which are analogues of levels in 
48 Ti are not expected to interfere with this work as the isobaric 
analogue of the 48 Ti ground state lies,...., 3 MeV below the 47 Ti+p 
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threshold in the 48 V system (RA70c). With incident energies of 4 to 5 
MeV, only levels of,..._, 8 MeV excitation in 48 Ti would show as resonances 
in this work. The level density of 48 Ti is high in this region, and 
unless a level has an extremely large spectroscopic factor relative to 
its immediate neighbours, no analogue resonances will be seen. Under 
these conditions the situation will revert to the statistical case. 
4.5.3 Analysis 
Peak areas were extracted using standard programs (OP71). The 
gamma ray yields were individually corrected for dead time loss, and the 
yield in the moving counter corrected for absorption in the tungsten 
backing using the tables of (DA52). The moving counter yield was 
normalised to the yield of the equivalent peak in the monitor counter. 
These data were compared with 'MANDY' calculations, and normalised x2 
fits evaluated. A 0.1% confidence limit was used as the criterion for 
excluding unacceptable fits. All errors in the mixing ratios were 
calculated using the method of Archer et al. (AR66). 
4.5.4 Results 
Angular distribution measurements were made on the 660 keV 
(E = 4. 48 MeV) and the 1138, 127 2 and 1295 keV (E = 5 .16 MeV) levels in p p 
47 V. These - levels were either not populated, or only weakly populated, 
in the ( T, d) reaction (R06 7b, SP6 7, ·cu69) and so not values were p 
available to restrict the possible spins. With the exception of the 
660 keV level, no previous gamma ray work has been reported on these 
levels. The results will be discussed individually. 
660 keV level 
The observed y-decay of this level to the 3/2+ (260 keV), 5/2 
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(88 keV) and 3/2- (g.s.) levels effectively limit t he spin- o f this level 
to J ~ 7/2. Mccallum (MC70) has limited the spin to 1/2, 3/2 , 5/2 by 
angular distributions following the (p,y) reaction, and favours a 5/2-
assignment. The transition strengths calculated on the basis of the 
measured lifetime ( T = 0. 68 ps) and the branching ratios allowed the 
+ 
exclusion of J1r = 1/ 2-. For such an assignment to this level, a pure 
quadrupole decay to the J1r = 5/2- (88 keV) level would lead to 
enhancements of several hundred Weisskopf units (J1r(660) = 1/2-, 
r(E2) > 250 W.U.; J1r(660) = 1/2+, r (M2) > 1000 W.U.). The angular 
distribution of the ground state transition was measured in this work, 
was found to be isotropic, and no further restriction of spin was 
possible. 
1138 keV level 
The observed y-decay indicates that the spin is restricted t o 
< 7/2. The angular distribution of the 1138 + 260 keV level was 
measured, and was found to be isotropic, and no firm spin a ssignment was 
possible. However, the results of the 'MANDY' calcula tions indicated 
that 7/2- could be eliminated at the 0.1% confidence limit; 7/2 is 
still possible for c5 < 0 but is unfavoured. Until t he branching ratios 
are known the measured lifetime will not further r estrict the spin 
assignments. 
1272 keV level 
In the present work, the angular distributions of the 1272 + 88 
(5/2-) and 1272 + 146 (7/2-) keV decays were measured. Compar ison of 
the zero order terms in an even order Legendre po lynomial fit to the 
distributions allowed the branching ratios of t he 1126 :1 184 decays to be 
measured as 85 ± 2%: 15 ± 2%. The 1184 keV distri bution was inconclusive, 
but the 1126 keV distribution (fig. 4.4) allowed t he exclusion of all 
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spins at the 0.1% confidence limit except J = 9/2. Two acceptable E2/Ml 
mixing ratios were found (c = 0.41 ± 0.05; 4. 7 ± 1.0), but it was not 
possible to discriminate between them on the basis of the measured 
lifetime. + 0 .39 For T = (0-39 _ 0 __ 5 ps) the E2/Ml strengths are 
c = 0.41±0.05 
r (Ml) = 4.1+ 2· 5 x10- 2 w.u. 
- 2. 4 -
f(E2) = 14 0 + 8 . 6 
. -7.3 w.u. 
8=3.7±1.0 
r (Ml) = 0.21 +O.l5 X 10 - 2 w.u. 
- 0. 13 -
r (E2) + 77 = 91_70 w.u. 
The latter E2 strength is much stronger than average (SK66) but cannot 
be excluded because of the large errors. However, for c = 0. 41, an 
assignment of Jn =9/2+ to the 1272 keV level leads to an M2 enhancement 
of more than 200 W.U. for the M2/El decay to the 146keV level (Jn = 7/2-), 
and can thus be excluded (KU67). This level was taken to be the low 
lying 9/2 level predicted by Malik and Scholz (MA66) and Ginocchio 
(GI66). The high spin of this state explains why this level is only 
weakly populated in the ( T , d) reaction, which requires an 9., = 5 proton 
transfer. 
The 1272 + 88 keV (9/2 + 5/2-) decay has an E2 strength of 
12 9 + 8. 4 
. - 6.8 w.u. which is typical of E2 transitions in this mass region 
(BR72, N071). 
1295 keV level 
This level was found to decay entirely to the 7/2 state at 146 keV 
excitation, and the angular distribution of this transition was measured. 
These measurements (fig. 4.5) excluded all spin possibilities except 
J = 9/2 or 11/2, with 11/2 being slightly favoured. Doppler shift 
measurements only allowed a limit ( T > 0. 7 5 ps) to be placed on the 
lifetime of this level, and so no further spin restriction is possible. 
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However, the single decay to the 7/2 level at 146 keV argues a ga i nst a 
9/2 assignment; we therefore interpret this level as probab ly being the 
11/2- level predicted by Malik and Scholz near this excitation . 
4.6 BRANCHING RATIO OF THE 146 keV LEVEL 
4.6.1 Introduction 
Until this work, no gamma ray decay data were available on the 
decay of the 146 keV level. The low energy transitions were not 
observed in our previous 47 Ti(p,ny) work due to interference from low 
energy radiation produced in the backing. 
4.6.2 Neutron Energy Measurements 
It was desired to determine whether the 146 keV level was strongly 
populated in the (p,n) reaction before seeking to observe the gamma ray 
decay. 
The data of Mccallum e t al . (MC60) indicat ed tha t the level was 
indeed strongly populated, and this was confirmed by our own measurements 
using the resonant scattering spectrometer (chapter 3, fig. 3.8). 
4.6.3 Experimental Details 
(a) Target 
A preliminary experiment was per f ormed to choose a suitable target 
backing material, which would leave the region E < 100 keV relatively y 
free of peaks from X-rays and Coulomb exc i t ation . Clean target blanks 
of tungsten, tantalum, ni ckel, carbon, cadmium, gold, uranium, platinum, 
silver and lead were bombarded with 5 MeV pr otons and the low energy 
gamma spectra examined. Uranium metal was fina lly chosen because of its 
extremely clean spectrum in the specific energy r egions of interest. 
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A thick Ti02 target, isotopically enriched i n 4 7 Ti , was prepared by 
forming a thick slurry of the oxide with thinned polystyrene cement, and 
painting this onto a 0.5 mm thick natural uranium bl ank . The target 
thickness was,..., 7 mg/cm2 of Ti02. This technique of target making had 
been used successfully in this laboratory in previous experiments, and 
introduces only carbon and hydrogen into the target as contaminants. 
Targets thus fabricated stood up extremely well to fairly intense 
particle bombardment. 
The target was positioned perpendicular to the beam. 
(b) Experimental arrangement; data collection 
Previous experimenters (NE72) have found that the ef fi ciency and 
resolution of a coaxial germanium detector is much improved if the 
target is viewed by the side of the counter. This arrangement was 
therefore adopted for the present work, and an ORTEC 36 cm3 Ge(Li) 
detector was placed,..,_, 2.5 cm from the target such that radiation was 
detected through the side of the counter. Spectra wer e collected in a 
1024 channel segment of the memory of the A.N.U. I.B. M. 1800 computer. 
The target chamber arrangement was as desc r ibed in section 4.2 
except that the cold shroud was omitted to reduce the absorption of low 
energy gamma rays. 
A 5.0 MeV proton beam was used for t h is study to ensure good 
population of the 146 keV state. The beam curren t was restricted to 
,..,_, 10 nA in order to limit the count rate in the Ge(Li ) detector to less 
than,..., 10,000 counts/sec. 
(c) Efficiency and calibration 
The efficiency of the counter when gamma rays a r e incident upon the 
side of the crystal was measured by replacing the target with a series 
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of calibrated y-sources. This technique ensured automatic correction 
for absorption by the walls of the target chamber. Using calibrated 
241 Am, 57 Co and 133 Ba sources it was possible to construct an efficiency 
curve over the energy range of interest. 
For energy calibration purposes, these sources were supplemented by 
the 147 keV gamma ray from a 182 ffita source prepared by bombarding a 
tantalum target blank with 45 µC of 12 MeV deuterons. 
Data from the efficiency and calibration spectra were analysed 
using the energies and relative intensities of Marion (MA68) and Lederer 
et al. (LE67b). 
4.6.4 Results 
A 47 Ti(p,ny) 47 V spectrum is shown in fig. 4.6. The energy of the 
87. 5 ± 0 .1 keV transition to ground was found to be in excellent 
agreement with the value calculated from differences in y-ray energies 
measured in the Doppler shift work (table 4.3). The 7/2- (146 keV) + 
5/2 (88 keV) transition energy was measured to be 58.2 ±0.1 keV, giving 
the excitation energy of the 7 / 2 level as 145. 7 ± 0. 2 keV; once again 
in excellent agreement with data from the D.S.A.M. measurements. 
A weak ground state transition was seen for the 146 keV y-ray 
(fig. 4. 6) and a branching ratio of 1. 5 ± 0. 5% was assigned to this decay. 
No correction was made for the effect of the angular distribution of 
this transition on the branching ratio. The ground state of the 47 Ti 
target has J1r = 5/ 2-, and therefore the decay of the J1r = 7 / 2- 146 keV 
level in 47 V will be almost isotropic. 
In addition, the germanium counter was placed as close as possible 
to the target and therefore subtended a substantial solid angle; in 
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these circumstances no significant error is likely to arise from the 
omission of such a correction. 
4.7 DISCUSSION AND CONCLUSION 
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The knowledge of the low lying states of 47 V has been considerably 
extended by the present measurements. Determinations of branching 
ratios, lifetimes and spins have been made for several levels, but 
comparison with theory is still tentative as no calculations of 
transition strengths have yet been published. 
The predicted energy level schemes for negative parity states in 
based on a pure lf712 shell model (GI66) and a Coriolis-coupling 
model (MA66), are compared with the measured decay scheme in fig. 4.1. 
As noted by previous authors (MA66, GI66) the pure shell model fails to 
explain even the broad features of the 47 V level scheme. The wrong 
ground state spin is predicted, and the triplet of low lying negative 
parity states is missing. 
In a deformed ( S > 0) shell model, the ground state of 4 7 V (Z = 23, 
N = 24) would be formed by the last proton being placed in Nilsson 
orbital number 13 (K = 3/2-), thus giving the correct ground state fr. 
No band structure is apparent in the energy level scheme of 4 7 V, 
indicating that some mixing of the rotational bands based on the Nilsson 
single particle levels is taking place. The rotational-particle 
coupling (R.P.C.) will mix bands with ~K = ±1 (KE56). Malik and Scholz 
(MA66) have pointed out that, whereas in heavy nuclei the R.P.C. may be 
neglected or treated by perturbation techniques, in light nuclei the 
coupling strength of the R.P.C. is of the same order as the energy 
difference between Nilsson single particle states. Thus the RwP.C. (or 
Coriolis coupling) introduces very strong mixing of the bands, which may 
in some cases destroy the original band structure completely. 
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In their treatment of the lf712 shell nuclei, Malik and Scholz 
(MA66) allowed possible mixing of all rotational bands based upon the 
ten available single particle or hole excited states in the lf-2p shell. 
Using the wave functions of the ten bands as a basis, they exactly 
diagonalised the Hamiltonian containing the R.P.C. term. 
These calculations showed that the band mixing in 47 V is such that 
a 3/2 ground state is predicted only for large negative (S ~ -0.4) or 
large positive (S > 0.5) deformations (MA66, MA67b). 
This model, for a choice of deformation parameter S=-0.5, is 
particularly successful in explaining the distribution of negative 
parity levels. The correct ground state spin is predicted and the 
presence of the low lying triplet, which eluded a pure shell model 
calculation, is explained. The high spin 9/2- and 11/2- levels have 
been found at a slightly lower energy than predicted by both models, but 
the ordering of these levels is as predicted by Malik et al. (MA66). 
The 5/2- level predicted by the Coriolis coupling model at"' 1.4 
MeV may be associated with either the 660 or 1138 keV levels . Mccallum 
et al. (MC70) have tentatively assigned the 660 keV level as 5/2- on the 
basis of (p,y) work. 
With a large positive deformation parameter (S > 0.5) the energy 
level spectrum is once again well reproduced. The characteristic ground 
state triplet is predicted, and the low lying 9/2- and 11 / 2 levels are 
again at"' 1 MeV, although in the reverse order to that observed 
experimentally. 
The low lying positive parity states are not predicted by either 
model, and are probably due to core excitation of d
312 
and s
112 
hole 
states. Spherical shell model calculations (BA64, GI66) place these at 
"'1.4 and 1.5 MeV respectively, but it seems likely that these states 
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are associated with the 260 keV (3/2•) and 1658 keV (11/2+) levels. The 
large deformation which seems to be needed to explain the negative 
parity levels of this nucleus theoretically, would be sufficient co 
depress the 3/2+ level to the observed 260 keV. The energy gap between 
the d 312 and s 112 Nilsson orbitals and the f 712 orbitals, decreases as 
the nuclear deformation is increased (S > O), thus decreasing the hole 
excitation energies. This phenomenon has been observed in the odd mass 
scandium isotopes (BL70, PL65) where the excitation energy of the low 
lying 3/2+ levels decrease with increasing nuclear deformation. 
The ordering of the positive parity states also indicates that the 
47
V nucleus might have a positive deformation parameters. Only for 
S > 0 is the 3/2+ (Nilsson orbital //8) state closer to the f 
712 
levels 
than the 1/2 state (Nilsson orbitals #9 and 11), indicating that for 
S > 0, the Jrr = 3/2 core excited state would be at a lower excitation 
energy than the 1/2~ state. Experimentally, the 3/2 level is found at 
lower excitation than the 1/2 level. There is the possibility that 
this ordering may be destroyed by the R.P.C., in which case nothing can 
be inferred from the positive parity level sequence. 
Measurements in nearby odd mass nuclei indicate a low lying 5/2• 
state at,_ 1 MeV based upon rotational excitation of the 3/2 d
312 
hole 
state. The 1138 keV level, on the basis of its energy, would seem to be 
an ideal candidate for this assignment. 
CHAPTER 5 
y-RAY SPECTROSCOPY IN 47 Ti, 49 V AND 67 Ga 
5.1 INTRODUCTION 
Further lifetime and angular distribution studies in medium mass 
nuclei are reported. 
In the spectra accumulated for the 47 Ti(p,ny) 47 V measurements, 
gamma rays from the inelastic scattering channel were evident. Two 
transitions were particularly strong, and these were analysed in order 
to obtain lifetimes and spin assignments. 
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The search for high spin states in the mass 40-50 region was also 
extended to 49 V using the 49 Ti(p,ny) 4 qV reaction. Angular distributions 
were measured and spin assignments made. 
There has been much gamma ray work in this laboratory in the region 
A=60-70. This work has been extended by the measurement of lifetimes 
in 67 Ga using the D.S .A.M. Levels in 67 Ga were populated by the 
67 Zn(p,ny) 67 Ga reaction on an isotopically enriched target. Using this 
technique it was possible to measure lifetimes, or set lifetime limits, 
for levels in 67 Ga. 
5.2 LIFETIME AND ANGULAR DISTRIBUTION MEASUREMENTS IN 47 Ti 
5.2 1 Introduction 
47
Ti has been mainly studied by single nucleon transfer reactions 
and inelastic scattering. Most of these measurements have been at high 
incident energies, and have assigned transferred angular momenta to 
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particle decay channels using D.W.B.A. fits to data, and thence parities 
for the levels in the residual nucleus. A fairly complete level scheme 
has been built up by the 48 Ti(p,d) 47 Ti (SH65, PL70) and 46 Ti(d,p) 47 Ti 
(LE67, AL67b, RA66) reactions, and these have been supplemented by the 
48
Ti( 3 He,a) (RA70b, EC67, LU68) reaction. Some levels have been 
assigned spins by the j-dependence of the stripping pattern at large 
angles (AL67b). Further low spin values (J = 1/2, 3/2) have been 
assigned by the (n,y) work of Tenenbaum et al. (TE69). An energy level 
diagram based on the compilation of Lewis (LE70), the more recent 
results of Weaver et al. (WE72), and the present results, is shown in 
fig. 5.1. 
The levels in 47 Ti at 1253 and 1445 keV excitation are weakly 
populated in the stripping and pick-up reactions, although strongly fed 
in the (p,p') process (RA70). There is a large cross section to these 
states in the 50 V(p,a) 47 Ti reaction (BU69) compared to the yields for 
levels with spins of 3/2 and 1/2. As the 50 v ground state has Jrr =6·, 
both levels probably have high spin. This conclusion is further 
supported by the observed y-decays proceeding mainly through the 7/2 
level at 160 keV. Coulomb excitation work (AF67) shows that the 1253 
keV level must have J11' s 9 / 2-. 
The shell model (MC64) and the rotational-particle coupling model 
(MA66) both predict low lying 9/2 and 11/2- levels in 4 Ti, and it is 
likely that the 1253 and 1445 keV levels are associated witq these 
predicted low lying, high spin states It was the aim of the present 
work to measure the lifetime of these states and to assign spins and 
parities. 
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gamma ray decays of the 1253 and 1445 keV levels. Whilst this work was 
in progress, Weaver et aZ. (WE72) published results that indeed 
identified these levels as the 9/2 and 11/2 levels; the (3 He,ay) 
reaction was used in a Method II measurement (LI66) to assign spins, and 
lifetimes were measured via the D.S.A.M. using a proton-gamma 
coincidence technique following inelastic scattering. 
The results presented here were obtained in singles measurements 
and provide an independent confirmation of the results of Weaver et aZ. 
5.2.2 Discussion and Analysis 
The incident proton energies used in this work (E =4.8 to 5.4 MeV) p 
are such that the method of analysis must be carefully considered 
before the results can be accepted. 
(a) Direct reactions 
All calculations and analyses of data were treated in the spirit of 
the compound nucleus. However, at these energies there is the 
possibility of some direct component in the reaction process. 
The angular distribution calculations assume a statistical model 
process; any direct reaction component will remove the symmetry about 
90° implied in a compound nuclear process, and invalidate the angular 
distribution calculations. However, many proton inelastic scatter ing 
data have been adequately fitted by statistical theory calculations 
(SH66, SG64) and it has been found that, in most cases, the compound 
nucleus theory explains the data for incident energies up to 7 or 8 MeV 
(SE59). 
Similarly, all evaluations of attenuation coefficients for the 
Doppler shift data were made using the centre of mass velocity as the 
average velocity of the recoiling nucleus. A direct reaction component 
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will invalidate this assumption. Hausser et al. (HA68b) have shown that 
even quite substantial asymmetries lead to errors of less than 5% in the 
recoil velocity. This will introduce an error small compared to the 
uncertainties inherent in a Lindhard treatment. 
Therefore, the assumption that the 47 Ti(p,p') reaction proceeds 
mainly through the compound nucleus mechanism at these energies is 
reasonable. 
(b) Cascades from higher states 
For an incident energy E ~ 5 MeV, it is possible to populate states p 
at much higher excitation in 47 Ti than the 1253 and 1445 keV levels, and 
therefore cascades from the higher states to the 1253 and 1445 keV 
levels could significantly affect both lifetime and angular distribution 
calculations. 
Because of the potential barrier, the transmission coefficients for 
protons feeding levels in 47 Ti fall off rapidly as the energy of the 
level increases, and levels higher than,...., 3 MeV should not be 
significantly populated; this is supported by the recent study by Buhl 
et al. (BU69) of the 47 Ti(p,p') reaction at E =7.50 MeV, in which only p 
levels up to 4 MeV excitation were reported. In addition, the (p,n) 
threshold lies at E =3.777 MeV, and the probability for proton decay of p 
the compound nucleus back into the proton channel will be greatly 
reduced above this energy. 
The number of levels capable of decaying to the states under 
investigation will be restricted by the high spins of these levels; the 
majority of higher levels must have J ~ 9/2, and therefore will have 
energy favoured decays to the low lying 5/2- (ground state) and 7/2 
(160 keV) levels. Higher spin levels, which cannot decay to these 
latter two states, will not be significantly populated as the proton 
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transmission coefficients for feeding a given level fall off rapidly 
with increasing £-value and excitation energy. In addition, if these 
levels are regarded as members of the ground state rotational band, then 
the inhibition of inter-band gamma transitions will ensure that the 
major portion of the gamma feeding of these levels will be from higher 
spin members of the same band. It is unlikely that the 13/2 and higher 
spin levels will be significantly populated by inelastic protons at 
these energies, although if there is some mixing of levels, then 
transitions with 6K = ±1 might take place. 
Thus it is unlikely that cascades will have a significant effect on 
the measured lifetimes and angular distributions. 
5.2.3 Experiment and Analysis 
The major decays of the 1253 and 1445 keV levels (1253 + 160; 
1445 + 160 respectively) were prominent in the spectra accumulated in 
the 47 Ti(p,ny) 47 V experiments described in the previous chapter. The 
data for the two gamma decays analysed here were extracted from those 
spectra (both lifetime and angular distribution), and thus all 
experimental details were as described there. 
The analysis of the data was performed in exactly the same fashion 
as reported for 47 V. 
5.2.4 Results 
(a) Lifetime measurements 
Doppler shift measurements were made at E =5. 1 MeV . Attenuation p 
coefficient calculations were carried out using the Carlson program 
(appendix A). The correction factors, f and f , were assigned a 
e n 
value of unity. No measurements have been made for titanium ions 
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slowing in titanium metal, but the data of Hvelplund and Fastrup (HV68) 
for titanium slowing in carbon indicate that a value of f = 1. 2 is 
e 
required; no estimate off is available. 
n 
Calculations were performed 
for both f = 1. 2 and f = 1. 0 and the results are compared in table 5. 1. e e 
E Transition y 
(keV) 
1093 1253-+160 0.26±0.07 
1285 1445-+160 0.01±0.04 
Table 5.1 
T 
f , f = 1. 0±0. 15 
e n 
230 + 180 fs 
- 80 
> 1. 1 ps 
T 
f =1.2 f =l 
e n 
220+ 170 fs 
- 80 
> 1. 1 ps 
T (WE72) 
f = 1. 16 
e 
210±20 fs 
1 5+0.5 
· -0.3 ps 
The variation of F(T) with Tis shown in fig. 5.2 for 47 Ti ions slowing 
in titanium metal. 
Extremely good agreement with the results of Weaver et al. (WE72) 
is evident. 
(b) Angular distributions 
Angular distribution calculations were made for the 1253-+ 160 keV 
and 1445-+ 160 keV decays. 
1093 keV transition 
Data and theoretical fits are presented in fig. 5.3 for the 1253 to 
160 keV transition. The Legendre coefficients obtained by least squares 
fits to the data do not change significantly between E = 4. 06 and 5. 16 p 
MeV, demonstrating that there was no significant change in the 
population parameters. The data for the three energies were summed and 
compared with the predictions of the 'MANDY' program, the transmission 
coefficients for E = 4. 48 MeV being used. Fits to the data at each p 
individual energy reflected the same distribution of x2 • The data were 
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only consistent with a 9/2 assignment. Two mixing ratios were possible; 
o = -0.28~~:~~ and o = -1.96 ±0.1. The latter value is thought 
unlikely as, for the measured lifetimes and branching ratios, this 
implies an E2 transition strength of"' 150 W.U. For o = -0.28 more 
reasonable strengths of 
f (E2) = 14.5 = l~:; W.U. and 
are calculated, assuming negative parity. Jff =9/2+ may be excluded as 
an M2 strength of > 250 W. U. is needed for o = 0. 28. 
Weaver e t al. (WE72) report a mixing ratio of o = 0. 15 ± 0. 06 fo r 
this transition, their sign convention being the opposite to that use d 
in this work. 
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The 10% crossover transition to the ground state has an E2 
. . hf 11.2+_ 4
5
·_
9
6 WU . 
c5 0 transition strengt o . . assunung = . 
1285 keV transition 
Data are also presented for the 1445 ~ 160 keV transition 
(fig. 5.4). All spins except 11/2 (cS = 0 ± 0.05) and 9/2 (cS = 0.44 ~ ~:~~ 
and c5 = 3. 1 ~ i: ~) are eliminated at the 0. 1% confidence limit. 
A conclusion as to which spin is correct is not aided by the result 
of the previous D.S.A.M. study which only allowed a limit to be placed 
on the lifetime. The lifetime reported by Weaver et al. (WE72) is 
consistent with our limit; using their value (T = 1.5 ps) it is possible 
to exclude positive parity since too great an M2 enhancement (KU67) is 
required either for a pure M2 (r ~ 600 W.U.) or an M2/El (r ~ 100 W.U. 
(cS=0.44) and r~5oo w.u. (c5=3.l)) transition. 
The Ml transition strengths required by an E2/Ml mixture are rather 
weak for both o's, 
cS = 0.44 r(Ml) = o. 78~:;~ x 10-2 w.u. r(E2) = 2.3~:i~ w.u. 
c5 = 3.1 r(Ml) = 0.9 +_._6358 x 10- 3 w.u. f(E2) 12 8+l. 4 WU 
= . -2.4 .. 
but are still physically possible (SK66). 
For an 11/2- assignment, an E2 transition strength of 14.1 ±3.5 W.U 
would be required. 
Both the shell model (MC64) and the rotational-particle coupling 
model (MA66) predict low lying negative parity states with J" =9/2- and 
11/2-. The 1253 keV level has already been assigned as 9/2-, and 
therefore, as no other 9/2 levels are predicted in this region, the 
1445 keV level is assigned 11/2 . The lack of a gamma ray branch to the 
5/2 ground state supports this assignment. 
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5.2.5 Conclusion 
All lifetime and mixing ratio results for the 1253 and 1445 keV 
levels are in good agreement with the results of Weaver et al. (WE72). 
Using (p,y) coincidence techniques following inelastic scattering, and a 
48
Ti( 3 He,ay) 47 Ti Method II experiment, they measured the lifetimes of 
both states and made spin assignments. The present results, though 
subject to the reservations outlined in section 5.2.2, provide a useful, 
independent confirmation of their results. 
The close agreement between the results must indeed indicate that 
the assumptions made about the reaction mechanism are valid (section 
5.2.2). 
A comparison of the experimental level scheme with both the shell 
model and Coriolis coupling model is presented in fig. 5.5. 
As was found in 47 V, the shell model predicts that the 11/2- level 
is below the 9/2 state which is the reverse of the experimentally 
determined ordering. In addition, a 3/2- level is predicted at,.._, 800 
keV near which energy no state has been reported except in one 
experiment (a possible J1r = 3/2- state was reported by (RE60) at 550 keV). 
Assuming a positively deformed Nilsson potential, in the ground 
state of 47 Ti (Z = 22, N = 25) the unpaired neutron occupies a K = 5/2-
orbital (Nilsson orbital #12), in agreement with the experimentally 
observed J1r = 5/2- (KA64). No band structure has been observed 
experimentally, indicating the effect of strong rotational-particle 
coupling (R.P.C.). Calculations in which the R.P.C. has been treated 
exactly have been made by Malik and Scholz (MA66) and Weaver et al. 
(WE72). The former calculated the level energy spectrum of 47 Ti for a 
range of deformation parameters (-0.4 ~ B ~ 0.4), but the ground state 
J1r = 5/2- is only predicted for B > 0.2; fig. 5.5 shows the level scheme 
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calculated with B = 0. 2 7 (MA66) . Both the excitation energies and the J1r 
values of the predicted levels are in good agreement with experiment. 
The only exception is the prediction of a 7/2 level at,.._, 1.5 MeV which 
has not yet been observed. 
ZurmUhle et al. (ZU72) pointed out that Malik and Scholz (MA66) in 
their R.P.C. calculations have assumed a spin orbit term approximately 
twice as strong as is commonly used. Weaver et al. (WE72) have made 
R. P . C. calculations for 47 Ti using a more orthodox spin-orbit strength. 
With the assumption of a positive deformation parameter, their 
calculation reproduced the main features of the observed level scheme, 
but both the observed 160 (7/2-) and 1253 (9/2-) keV levels were 
predicted at somewhat low excitation energies, namely 50 and 650 keV 
respectively. 
Weaver et al. (WE72) also presented calculations of transition 
strengths, both for a pure Nilsson model and for the R.P.C. model. 
Their calculations are compared with our experimental results in table 
5.2. The branching ratio data of (WE72) were used in the calculations. 
Table 5.2 
Experiment R.P.C. Nilsson 
(keV) B(E2) (e2 •fm4 ) 
1253-+ 160 9/2 - -+ 7 /2 152+112 
- 80 222 199 
9/2 - -+ 5/2 118 + 61 1253-+ 0 49 74 66 -
B(Ml) ((n•m) 2 ) 
1253-+ 160 9/2 - -+ 7 /2 - 0 16+0.08 
. - 0. 07 0.11 0.57 
Generally good agreement between theory and experiment is obtained in 
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all cases. The B(E2) strength for the 1253 ~ 160 keV transition is in 
better agreement with theory than the previous measurement by Weaver et 
al. ((WE72); B(E2) = 51 + 46 e2 • fm4 ) ; 
- 20 this is a consequence of the 
larger E2/Ml mixing ratio which we measured for this transition. 
5.3 SEARCH FOR HIGH SPIN STATES IN 49 V 
5.3.1 Introduction 
The low lying levels of 49 V have been established from 49 Cr(8+) 
(CR53, NU54, BA68b) and the (p,n) reaction (CH58, MC60). However, most 
levels have been discovered by stripping reactions (BA68a, PU68, SP67, 
CU69b), and, in most cases, parities were assigned to the levels so 
found. The level scheme has also been investigated by the (p,a) 
reaction (BR66). Extensive (p,y) work (LE69, KL68, KL68b, KL69, F068, 
KI72) has led to many assignments of spins, and this has recently been 
supplemented by the (p,ny) work of Blasi et al. (BL67b, BL71). Mo et al. 
(M070) have presented extensive gamma ray measurements in 49 V via the 
46T.( ) . 1 cx.,p reaction. A level diagram sunnnarising the results to date is 
shown in fig. 5.6. 
The aim of the present work was to search for the low lying, high 
spin states predicted by both the shell model (MC64) and the rotational-
particle coupling model (MA66). Levels at 1021 and 1155 keV were only 
weakly excited in the (3 He,d) stripping process (PU68) and not seen at 
all in the (p,y) work; the observed gannna decay of these levels to only 
the low lying 7/2- and 5/2- levels is indicative of relatively high 
spins for these levels. 
Bachner et al. (BA68a) fitted an .£ = 7 distribution to their ( t , a) p 
data for pick up to the 1021 keV level, but later analysis showed that 
ambiguities in the D.W.B.A. for high transferred momentum are possible, 
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Fig. 5.6: Energy levels of 49 V based on the present and previous work. 
and all that can be said with certainty, in this case, is that .Q, 2: 5 
p 
(BL71). 
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Blasi et al. (BL71), in their (p,ny-y) coincidence work concluded 
that the most likely Jrr assignments to the 1021 and 1155 keV levels were 
11/2- and 9/2 respectively. 
It was therefore decided to measure angular distributions of gamma 
decays from these levels populated via the (p,n) reaction (Q = -1.383 
MeV). Whilst this work was in progress the results of Malan et al. 
(MA72) were published supporting the assignments of Blasi et al. (BL71). 
The work reported here gives independent confirmation of their 
results. 
5.3.2 Experimental Details 
(a) Target 
Titanium dioxide powder, isotopically enriched in 49 Ti, was used as 
a target. 
The isotopic constitution of the material is shown in table 5.3. 
Table 5.3 
Isotopic Atomic % (p ,n) Q-values* (MeV) 
46 3.48 
-7.836 
47 2.52 
-3.699 
48 24.96 
-4.795 
49 66.36 -1. 384 
so 2.68 -2.997 
* taken from (MA67) 
Also presented in table 5.3 are the Q-values for each possible (p,n) 
reaction on the constituents; it will be seen that, at the energy used 
in the experiment (E = 2.9 MeV), the 49 Ti(p,n) 49 V is the only (p,n) p 
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reaction possible, and thus little background from other reactions was 
expected. 
A very thick target was constructed by forming a slurry of the 
enriched oxide powder with thinned polystyrene cement. In this fashion 
a"' 5 mgm/cm2 target was fabricated on a thick (0.25 mm) tungsten 
backing. The target was placed at 45° to the beam. 
(b) Target chamber, detectors and data collection 
The target chamber and collimation system was as described 
elsewhere in this thesis (chapter 2, section 2.3.1). 
A 36 cm3 coaxial Ge(Li) detector was placed 15 cm from the target 
upon the rotating table. The arc of rotation of the detector was such 
that all observations were made through the target backing. A second 
germanium detector (40 cm3 active volume) was placed approximately 20 cm 
from the target and at 90° to the beam direction, to act as a monitor. 
The front faces of both counters were covered with 2 mm lead sheet to 
attenuate low energy radiation. Spectra from the moving counter were 
collected in the I.B.M. 1800 on-line computer in a 1024 channel array; 
the monitor spectra were accumulated in a 1024 channel Nuclear Data 
multichannel analyser and dumped into the computer at the end of each 
run. Both sets of data were then stored on disc for later analysis. 
Data were collected at angles between 0° and 90° in 15° steps and 
each angle was measured at least twice. 
Beam currents of"' 45 nA of 2.9 MeV protons were used in this 
experiment. The total integrated charge was 250 µC. 
i 
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5.3 . 3 Analysis and Results 
A typical spectrum is shown in fig. 5.7. Peak areas were extracted 
using standard programs (OP71) and corrected for dead time and 
absorption in the backing material. The areas of these peaks were then 
normalised to the areas of the equivalent peaks in the monitor spectra. 
D d f f . . . . 49v ata were extracte or ive transitions in ; these are set out 
in tab le 5. 4 . 
Table 5.4 
E Transition A2 ~ X 
(keV) 
1021 1021 -+- 0 0.156 + 0.031 0.000 ± 0.035 
1140 1140 -+- 0 -0.012 ± 0.056 0.028 ± 0.063 
1050 1140 -+- 90 0.087 ± 0.018 -0.084 ± 0.087 
1155 1155 -+- 0 0.052 ± 0.031 -0.094 ± 0.035 
1065 1155 -+- 90 -0.112 + 0.080 0.243 + 0.089 
Also presented are the normalised Legendre coefficients (uncorrected for 
detector size) obtained by a least squares fit to the experimental data. 
For each of the transitions listed in table 5.4 'MANDY' 
calculations were performed for a range of incident proton energies 
between 2.9 MeV and the threshold for excitation of the 1155 keV state. 
The results are discussed individually. 
1021 keV level 
The angular distribution of the single decay of this leve l to the 
7/2- ground state was measured and is presented in fig. 5. 8 . The 
calculated x2 fit to the 'MANDY' predictions is also shown. All spins 
except 11/2 (o = 0 ± 0.12) and 9/2 (o = 1.2 ~ ~:~) are eliminated at the 
0.1% confidence limit. Only a limit has been put on the lifetime of 
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this state (-r > 5 ps; (R072)). Calculation of possible transition 
strengths assuming T = 5 ps and the measured mixing ratios show that 
positive parity is unlikely as an M2 enhancement of several hundred 
Weisskopf units is required for both 11/2+ and 9/2+ possibilities 
(11/2+-+ 600 w. u.; 9/2+-+ 500 W.U.). Calculations assuming T = 500 
still demand M2 strengths considerably greater than 1 W.U.; such an 
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ps 
assumption represents an extreme upper limit to the lifetime as it is of 
the order of the relaxation time of the nucleus, and would lead to 
isotropic gamma decay from this level (measured A2 = 0. 156 ± 0. 03). 
A survey of M2 transitions in the f 712 region (KU67) indicates that 
the majority of such transitions are greatly inhibited relative to the 
single particle estimates. A negative parity assignment leads to 
reasonable transition strengths. 
cS = 0.0±0.12 f(E2) < 13 w.u. 
1.2~~:~ { 
r (M2) < 0 • 43 X 10- 2 w.u. 
cS = 
r (E2) < 11.4 w.u. 
No gamma decay from this level to the 5/2- (90 keV) state was 
observed and therefore an 11/2- assignment to the 1021 keV level is the 
more likely of the two. 
1140 keV level 
Angular distributions of the transitions from the 1140 keV level to 
the ground and first excited states were measured. The third branch to 
the 153 keV level (987 keV) was obscured by the 983 keV gamma ray 
produced by inelastic scattering from 48 Ti. Both measured distributions 
were isotropic and no spin assignment was possible. Previous workers 
+ have restricted the spin of this level to 5/2- (MA72); as the target 
used in this work has ground state spin 7/2-, the present result is 
consistent with such an assignment. 
1155 keV level 
If the assignment of 9/2- to this level (BL71) is correct, the 
(p,n) reaction on 49 Ti (ground state Jn = 7/2-) should give isotropic 
gamma ray distributions. 
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Angular distributions were measured for two transitions from this 
level. The ground state transition was indeed found to be isotropic 
within errors (table 5.3), indicating that J ~ 9/2. 
The 1155 ~ 90 keV transition was found to have large A2 and A4 
coefficients, but because of the large errors associated with the 
extraction of this weak peak (fig. 5.7) no unambiguous fit to the data 
was possible with the 'MANDY' program. Although the magnitudes of the 
Legendre coefficients were surprising, the data could be least squares 
fitted with a second order even Legendre polynomial, giving 
W(8) 1 + (0.02 ± 0.06) P2cos(e) , 
and still obtain a x2 of only 0.98; thus the data are still consistent 
with an isotropic gamma decay. 
The relative intensity ratio of the 1065 and 1155 keV transitions 
observed in this work is O. 30 ± 0. 02. This is in agreement with the 
branching ratio data of Blasi et aZ. (BL71) who report a value of 
0. 30 ± 0. 01, indicating that there is no contaminant peak near or under-
neath the 1065 keV peak to cause the unexpectedly large Legendre 
coefficients. 
5.3.4 Conclusion 
The search for the high spin states of 49 V has been less successful 
than that reported for 47 V; this is primarily a consequence of the 
ground state spin of the 49 Ti target being one unit of angular momentum 
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greater than that of the 47 Ti target used in the previous work. The 
present work has restricted the spin of the 1021 keV level to 11/2- or 
9/2- with the former being the more likely assignment. Malan et al. 
(MA72), in a report published whilst this work was in progress, have 
assigned 11/2- to this level by the same reaction in an identical energy 
range. 
The present data were only sufficient to restrict the spin of the 
1155 keV level to J ~ 9/2. The angular distribution data of Malan etal. 
(MA72) were in agreement with our own. A measurement of the gannna ray 
excitation function allowed them to further restrict the Jn to 9/2 or 
7/2, but no firm assignment has yet been made. 
5.4 D.S.A.M. STUDIES IN 67 Ga 
5.4.1 Introduction 
The 67 Ga nucleus has been studied by a variety of reactions; the 
energy level scheme has been well established by particle work (BA70, 
BE71, C070, ZE65, FE70, OK69, BR67) and by B decay studies (2069). 
Tentative Jrr assignments have been made to most levels, although there 
remains some ambiguity in places. A study of 67 Ga branching ratios 
(CA72c) has just been completed in this department, and the D.S.A.M. 
studies reported here are a continuation of that project. 
Recent theoretical calculations of nuclear structure in the f-p 
shell have stimulated experimental work in this region. Many body shell 
model calculations based on a 40 ca core are impractical for a nucleus 
with as many extra-core nucleons as 67 Ga, but, although none has been 
reported to date, calculations using a 56 Ni core may be possible. 
Some success has been reported for the calculations of the odd mass 
copper isotopes (PA70) using a particle-phonon coupling model, and 
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calculations for odd mass nuclei using a Coriolis coupling model (SC68, 
IM69) have met with some success for nuclei in the region just above 
6 7 Ga (30 < Z < 38, 40 < N < 48). 
The only reported calculations for 67 Ga are those by Kisslinger and 
Sorenson (KI63b) and by Kisslinger and Kumar (KI67). In neither case 
were any calculations of transition strength reported. Due to the high 
density of states at low excitation in the odd mass nuclei of this 
region, no prediction of levels above 1.5 MeV was made. 
The energy level scheme is shown in fig. 5.9 and includes 
excitation energies measured here. D.S.A.M. measurements were performed 
on levels marked with a flag. 
5.4.2 Experimental Details 
A target consisting of 150 µgm/cm' of isotopically enriched zinc on 
a 0.5 mm tungsten backing, set at 45° to the beam direction, was used in 
this work. The composition of the target and the (p,n) Q-value for each 
component are listed in table 5.5. 
Table 5. 5 
Isotope Atomic% 
64zn 6. 10 
66zn 13.71 
67zn 58.46 
68zn 21. 61 
70zn 0. 11 
* taken from (MA67) 
* (p,n) Q-value 
(MeV) 
-7.859 
-5.957 
-1. 7 83 
-3.702 
-1.435 
The Q-values and relative composition of the target ensures that the 
67
Zn(p,ny) 67 Ga reaction will be almost the sole contributor to reaction 
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Fig. 5.9: Energy lev 1 scheme of 67 Ga as determined by the present work 
and the data of (CA72c) and (Z069). 
yield. All other proton induced reactions, except (p,a), have large 
negative Q-values. The yield of the (p,a) reaction will, however, be 
inhibited by the Coulomb barrier. 
Gamma ray spectra were collected at 0°, 90° and 151° to the 
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beam direction. Each angle was repeated at least once. Beam currents 
were typically 150-200 nA and runs were of approximately 90 minutes 
duration. Spectra were recorded for 2.8, 3.2, 3.5, 3.8 and 4.1 MeV 
incident proton energies. Sources of 88 Y, 65 Zn, 22 Na and 226 Ra were 
used during the experiment in different combinations to obtain energy 
reference peaks in the spectra. 
5.4.3 Results 
A typical germanium spectrum is shown in fig. 5.10. It is clear 
that there is very little yield from any other reaction. The only peaks 
in the spectrum not attributable to 67 Ga or standard sources are from 
66
Zn(p,p') and 68 Zn(p,p'). Data for the decays of ten levels in 6 7 Ga 
were extracted from the spectra. Measurements were often made on the 
same gamma ray at several energies. In all cases excellent agreement 
was achieved. Excitation energies were extracted from the data, and, 
where two gamma ray decays from the same level allowed checks to be made 
on the excitation energy, agreement was always good. The excitation 
energies determined from this experiment are summarised in table 5.6 and 
are compared with previous results. 
With one exception the excitation energies are in good agreement 
with earlier reports. Zoller et a Z. (Z069) have reported a level at 
1976 ±0.5 keV from their B-decay studies, and this is confirmed by the 
observation of an extremely weak ground state transition of 1976 ± 1.0 
keV in this work. The 775.8 keV transition was observed to appear in 
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Fig. 5.10: Gamma spectrum obtained from the 67 Zn(p,ny) 67 Ga reaction at 
0° for an incident proton energy of 4.1 MeV. Gamma transitions in 
67 Ga are indicated, as are the main source peaks used for 
calibration purposes. Peaks marked with a double dot are from 
inelastic proton scattering on the zinc target; those with a 
4 
single dot are due to the sources or induced activity in the target. 
Table 5.6 
Excitation Energies of 67 Ga Levels 
(All energies in keV) 
Present Work 
167.0 ±0.4 
359. 3 ± 0. 3 
828.1 ±0.3 
910. 9 ± 0. 3 
1201.1 ±0.3 
1412. 5 ± 0. 3 
1519.1 ±0.4 
1554.6 ±0.3 
1639.2 ± 0.4 
1976.5 ± 1.0 
1977.9 ±0.5 
2040.9 ±0.4 
2173.8 ±0.5 
t 
167.01±0.05 
359.5 ± 0. 2 
828.3 ± 0. 3 
911.2 ± 0. 3 
1081. 3 ± 0. 3 
1203.0 ± 1. 0 
1556. 0 ± 1. 0 
1639.9 ±0.7 
1809. 4 ± 0. 6 
1976.2 ±0.5 
* 
BA70* 
168 ± 2 
360 ± 2 
827 ± 2 
910 ± 3 
FI701c 
166 
358 
828 
911 
1081 ± 3 1082 
1202 ± 3 
1240 ± 5 
1411 ± 3 
1517 ± 4 
1553 ± 4 
1637 ± 4 
17 35 ± 5 
1808 ± 4 
1203 
1413 
1517 
1552 
1640 
1810 
1919 
1974 ± 4 1976 
2037 ± 4 2033 
2069 ± 4 2063 
2120 ± 5 2120 
2139 ± 5 
2169 ± 5 
2186 ± 6 
2173 
S-decay ( p, n) t. o. f. 
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the 4.1 MeV data but not in the 3.8 MeV data. This transition was also 
observed at E = 4 MeV by (CA72c), but was absent in the work of Zoller. p 
The only assignment possible for this gamma decay that is consistent 
with the level energies of Bass and Stelson (BA70), is the 1976 to 1202 
decay. However, the sum of the energies of the relevant transitions 
observed in the present work gives an excitation energy of 1977 .9 ± 0.5 
keV for the parent state. It is therefore likely that there is a 
closely spaced doublet at,...., 1977 keV with excitation energies of 
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1976. 2 ± 0. 5 keV and 1977 ± 0. 5 keV. This interpretation is tentative as 
the error assigned to the ground state transition observed in the 
present work is such that it could still be associated with the 1977.9 
keV level. However, as Zoller et al. did not observe the 775.8 keV 
transition in the S-decay work, it is likely that a different level is 
being populated through the (p,n) reaction. 
Calculations were performed assuming that the target was pure zinc 
metal, and taking both f and f as 1. 0 ± 0. 15. An F ( T) curve for 
e n 
gallium ions slowing in zinc is presented in fig. 5.11. F(T) 
calculations were also carried out for a zinc oxide target. Complete 
oxidation of the target would increase the lifetimes by less than 10% 
relative to those reported for the pure metal target. No data have been 
published on gallium ions slowing in any material, but interpolation 
between nearby nuclei, using the results of Hvelplund and Fastrup (HV68), 
shows that the correction factor for the electronic stopping is as small 
as 0.4. Calculations using f =0.4 indicated that the lifetime would be 
e 
increased by less than 5% relative to the f = 1, f = 1 case, thus 
e n 
showing that, at the recoil velocities generated in this experiment 
(,...., 3.4 to 4.1 x 107 cm/sec for E = 2.8 to 4.1 MeV), the most important p 
component of the slowing down process was due to nuclear collisions. 
The results of the lifetime analysis are presented in table 5.7. 
5.4.4 Discussion and Conclusion 
Doppler shift measurements have been made for ten levels in 6 ? Ga, 
lifetimes or limits assigned, and new measurements of excitation 
energies made. A level scheme based on these new values is sho n 
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Fig. 5.11: Attenuation factor, F(T), as a function of lifetime T for 
67 Ga ions slowing in zinc metal. Both f and f were assumed to be 
e n 
unity for this calculation. Incident proton energy was 3.8 MeV. 
Also shown are the experimental F(T) values for three levels in 
6 7 Ga. 
in fig. 5.9; the new measurements of lifetimes were made for the 
flagged levels. Other energies were taken from (Z069) and (CA72c), as 
were the branching ratios. The spin assignments are a synthesis of 
particle work (BA70, C070, BE7 1) , and in most cases the J~ is restricted 
to two values 
Most of the observed decays in 6 Ga are of dipole/quadrupole 
nature, and therefore no transitions rengths may be calculated until 
mixing ratios have been measured. Of the decays that might be pure 
quadrupole, only one pernuts a further spin restriction The 911 keV 
level has tentatively been assigned J"' = 3/ 2- by Zoller et aZ . (Z069) and 
J = 5 / 2 , 7 / 2 by Bass et al. ( BA 7 0) The state is fed by a 26% branch 
Transition 
828 +0 
911 +O 
1202 + 0 
1413+359 
+0 
1519+359 
1555 + 0 
1639+167 
1978 + 1202 
2041 + 0 
2174 +0 
Table5.7 
E (keV) y 
828.1 ± 0. 3 
910.9 ± 0. 3 
1202.0 ± 0. 3 
1053.6 ± 0. 3 
1412.6 ± 0. 3 
1159.9 ± 0. 3 
1554.6 ± o. 3 
1472.2 ± 0. 2 
775.76 ±0.3 
2040.9 ± 0. 3 
2173.8 ± 0. 4 
T (ps) 
f ,f =1.0±0.15 
e n 
0.30 + 0.20 
- 0.10 
0.39 + 0.30 
- 0.15 
> 0.6 ps 
0.70 ± 0.28 
0.73 + 0.50 
- 0.24 
0. 21 + 0.07 
- 0.04 
0.17 + 0.05 
- 0.04 
> 0.2 
0 .16 + 0.09 
- 0.06 
0.10 + 0.07 
- 0.03 
from the 1639 keV level (J1r=3/2-, 1/2- (Z069, BE71)). If 
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J1r (1639) = 1/2 , then the J = 7 /2 assignment to the 911 keV level may be 
excluded. For the case of J1r(l639) = 3/2-, the assumption of J1r =7/2-
for the 911 keV state would indicate an E2 transition strength of 
370 ± 100 W.U. for the 1639 + 911 keV transition, and such an assignment 
is therefore considered unlikely (SK66). A J1r = 7/2+ assignment to the 
911 keV state would lead to an M2 enhancement of several thousand 
Weisskopf units, and therefore a 7/2+ assignment is excluded. 
In a pure shell model description the odd proton in the 6 7 Ga 
nucleus (Z = 31, N = 36) would be placed in the 2p
312 
shell, and therefore 
the low lying states of 67 Ga should be the result of excitation of the 
proton into the lf512 and 2p 112 orbits. The first two excited states of 
1.0 
MeV 
o.s 
0.0 
1/2 
9/2-
9/2 __, 
5/2-
7/2-
-5/2 
7/2-
3/2-
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Theoretical (KI67) 6., Ga 
5/2-, 
(1/ 2) 
3/2, 
(3/2) 
-------5/2-
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Experirnent 
120 
7/2-
5/2 
Fig. 5.12: Comparison of the experimental level scheme of 67 Ga with the 
predictions of the pairing plus quadrupole model. 
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67 1r / - -Ga have J = 1 2 and 5/2 , as would be expected from this simple 
description (C070). 
The only reported calculations for 67 Ga are those of Kisslinger and 
Sorenson (KI63b) and Kisslinger and Kumar (KI67), both calculations 
using the pairing plus quadrupole model. The results of the latter 
calculation are compared with the experimental level scheme in fig. 5.12. 
Many more levels are predicted between 0.7 and 1.3 MeV excitation than 
are observed experimentally. The low lying 1/2- and 5/2- levels are 
predicted at approximately the correct energies, but their ordering is 
incorrect. No transition strengths were calculated for these models. 
Reference has been made to more recent calculations (B070), but no 
results have yet appeared in the literature. 
Previous authors (KI63b, C072) have noted that nuclei near to Z = 32 
may be deformed. The success of the Nilsson model with rotational 
particle coupling in the lf712 shell suggests that such calculations 
should be performed in this mass region. This type of calculation has 
been made for A> 70 (SC68) but so far no calculations for 65 < A < 70 have 
been reported. 
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APPENDIX A 
THE DOPPLER SHIFT ATTENUATION METHOD 
A.l CALCULATION OF F(T) 
The residual nucleus created in a nuclear reaction often has a 
recoil velocity which is a substantial fraction of the velocity of light, 
and so the energy of any gamma ray emitted whilst such an excited 
nucleus is slowing down will demonstrate an appreciable Doppler shift. 
For a nucleus recoiling with velocity Vt and emitting a photon of energy 
E , which is detected at an angle 8 to the path of the nucleus, the y y 
change in energy of the gamma ray will be 
= 
E Vt 
y cose 
C y (A. l) 
If we assign a characteristic slowing down time, a, to this 
combination of recoiling nucleus and stopping medium, then the observed 
Doppler shift will depend upon the relative magnitudes of a and T, the 
lifetime of the decaying state. If a>> T, then the gamma ray will be 
emitted before the recoiling nucleus has slowed appreciably, and the 
full Doppler shift will be seen. If a << T, the nucleus will have come 
to rest before any decay takes place, and no shift will be observed. 
Thus all values of experimental shift, from zero to the full shift, are 
possible, and equation (A.l) must be modified to include a factor F(T) 
such that 
where 
= E y 
V 
max 
case F(T) , 
C y 
0 < F(T) < 1 . 
(A. 2) 
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Comparison of equations (A.l) and (A.2) shows that F(T) may be 
written explicitly as 
F(T) = V 
max ' 
(A. 3) 
where V is the maximum velocity of the recoiling nucleus (i.e. at max 
t = 0). 
The mean Doppler shift when a collection of nuclei with velocities 
Yi emit gamma rays with wave vector k is 
hk•V .. 
- -1 
The Yi will usually be symmetric about the beam axis, and, taking 
this as the z-axis, we may write (BE69a) 
k = k(O,sine ,case) y y 
and 
V. = V.(sine.cos¢. ,sine.sin¢.,cosei) , 
-1 1 1 1 1 1 
whence 
E 
hk•V. 
- -1 
= 
_l V.(sine sine.sin¢.+ coseycosei) . C 1 y 1 1 
Due to the cylindrical symmetry of the system we may write 
V.sine sine.sin¢. = 0 , 
1 y 1 1 
and so 
E 
= 
_l case V.cose .. 
C y 1 1 
The term V.cose. is the projection of the average velocity onto the 1 1 
(A. 4) 
z-axis and, in order to permit calculation, is usually approximated by 
V.cose. = V. case. 
1 1 1 1 
If the excited state of the recoiling nucleus decays exponentially 
with half life T , then the average velocity component will be 
Vi cos8i = J 
00 
V case. 
t 1 
0 
and so equation (A.4) may be rewritten 
-t/T 
e 
T 
dt (A. 5) 
~E. 
l 
= 
E 
_:r_ cose 
C y I 00 Vt _-_t_/_T e cose. dt T l 0 
and comparison with equation (A.2) gives 
F (T) = J
oo V -t/T 
t e V --- cose. dt. T l 
o max 
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(A. 6) 
If the forms of Vt and cosei as functions of time, are known then F(T) 
may be calculated. Comparison with the experimental value, as defined 
in equation (A.3) will then yield an estimate of the lifetime of the 
level under consideration. 
A.1.1 Estimation of Vt 
The slowing down of a recoiling ion in a scattering medium may be 
attributed to two distinct stopping processes involving collisions with 
(i) the electrons of the stopping medium, 
and (ii) the atoms of the stopping medium. 
At high recoil velocities (i) is the dominant mode of energy loss, 
and collisions with nuclei may be neglected (B048). However, as the 
recoil velocity decreases, mode (ii) plays an increasingly important 
role. Atomic collisions affect the slowing process by 
(a) removing energy from the moving ion, 
and (b) causing a change in the direction of motion of the nucleus. 
If the ion is scattered through angle~ as in (b), then the 
observed Doppler shift of any photon emitted by this nucleus will change 
by a factor cos~. It has been shown (BL66) that, in most cases, the 
scattering angle has a more significant effect on the Doppler shift than 
the energy loss due to atomic collisions. 
The following discussion of how the F(T) values are calculated is 
based upon Blaugrund's article (BL66). 
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Calculations of stopping powers, both nuclear, and electronic, are 
based on the theory of Lindhard, Scharff and Schi¢tt (1S63), who used 
pertubation methods for the prediction of the scattering from a screened 
Fermi-Thomas type potential. By measuring the energy, E, and the range, 
X, of a nucleus slowing in a scattering medium in terms of the 
dimensionless parameters sand p defined by 
= 
and 
~ 4Tia2 M1 X 
p = (M1 + M2) 2 ' 
where subscripts 1 and 2 refer to the moving and stationary atoms 
respectively, 'a' is the screening parameter in the Fermi-Thomas 
potential and is defined as 
k 
a = 0 • 8 8 5 3 a0 ( Z 1 2 1 3 + z 2 2 1 3 ) - 2 
(A. 7) 
and N is the number of scattering centres per unit volume, Lindhard 
et al. were able to derive a universal differential scattering cross 
section 
do(8) = (A. 8) 
where t½ = ssin8, and 8 is the scattering angle in the centre of mass 
frame. 
k 
The function f(t 2 ) is given in fig. 1 of (1S63). The specific 
energy loss due to atomic collisions can be calculated immediately from 
equation (A.8) giving 
[1;] 
n 
= 
l. f ~ f (x) dx . 
s 0 
The electronic stopping power has been shown to be (LI6lb) 
[t) = 
e 
with the value of k depending on the atomic numbers and masses. 
Explicitly, it has been shown (1S63, BL66) that 
k = Z1 1; 6 
0.0793Z1 112 22 112 (A1 +A2) 312 
(Zi 2 1 3 + z2 2 1 3 ) 3 1 4 Ai 3 1 2 A2 1 7 2 , 
where the A's are the masses in A.M.U. 
Blaugrund (BL66) introduced three additional dimensionless 
quantities V, Mand 0, corresponding to velocity, mass and time 
respectively. These variables are defined such that 
V = [he] V 
~c 
and Mis then derived from the equation 
s = ½ MV2 • 
We see that with this definition we may write 
M = 
The dimensionless time variable is introduced in such a way that 
E.e. = V 
d 0 
,. 
and it immediately follows that 0 = t/T where 
T = 
2 h (A1 + A2) -
e 2 4TTa2NA1 A2 • 
The energy, and hence the velocity of an ion passing through an 
absorber may then be calculated as functions of time from 
0 = 
where sO is the energy of the ion at 0 = o. Values of [:~t are 
obtained by fitting the curves in fig. 1 of (1S63) to yield the 
expressions (CU69a) 
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(A. 9) 
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= 
[ -Js ] [ [ -Jr; ] ) O · 611 exp 1. 919 1 - exp O. 2406 s ~ 2.4 
2~ (o.3 + tn((0.6 + s~)/s)) s > 2.4 . 
Equation (A.9) may then be evaluated by numerical integration techniques. 
A.1.2 Calculation of cose. 
l 
In order to estimate the effect of the nuclear scattering on the 
attenuation factor, cose. must be calculated as a function of time. 
l 
Results derived from multiple scattering theory (G040, LESO) have been 
modified by Blaugrund (BL66) to distinguish between laboratory and 
centre of mass frames, and to account for the effect of recoil during an 
atomic collision. 
Lewis (LESO) showed that the angular distribution function for a 
beam of ions passing rhrough a thickness X of a scattering medium is 
F (¢ ,X) = 
where 
= 
(ZR,+ 1) P .e, (cosq>) exp [-J x K.e,q, dx) 
0 
NJ (1-P.e,(cosq,))dcr(q>) 
(A. 10) 
and do(¢) is the differential cross section in the laboratory frame. 
From equation (A.10) it immediately follows that 
By converting these expressions to the centre of mass frame and making 
the approximation 
Pt(cose) 
Blaugrund was able to show that 
= 
t (cos e) , 
r-A2 [A1) ] cos¢ = exp 2A1 G A2 I , 
where 
ro (ds/dp) I n ds . = 
s(ds/ dp)tot s 
(A. 11) 
and 
2A1 7 r:: r A1 1 +-- - - < 1 
G [::] 
3A2 15 A2 
= 
2 8 [:: l A1 3 + Ts - > 1 . A2 
Equation (A.11) will yield cos¢ as a function of energy, and through 
equation (A.9) as a function of time. 
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The equations in these sections were used as the basis of a 
computer program written by Dr. L.E. Carlson, which was used for all the 
F(T) calculations reported in this thesis. 
A.2 CORRECTIONS TO THE LINDHARD ESTIMATES OF STOPPING POWERS 
Although measurements of stopping powers for low velocity incident 
particles of high atomic number are scarce, there is evidence for 
significant deviations from the Lindhard estimates. Blaugrund (BL67a) 
introduced f and f as corrective multipliers of the Lindhard stopping e n 
powers. 
A.2.1 Electronic Stopping Power 
Ormrod (OR63, OR65), Fastrup (FA66) and Hvelplund (HV68) have 
demonstrated that for incident ions with equal initial velocities, 
slowing down in the same medium, then, as the atomic number of the 
slowing ion increases, the electronic stopping power oscillates about 
the Lindhard estimate. Ormrod also showed that, as the atomic number of 
the absorber was increased, the oscillations stayed in phase but were 
attenuated. For some combinations of incident ion and stopping medium 
there is a 50% difference between experimental measurements and the 
theoretical predictions. 
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A.2.2 Nuclear Stopping Powers 
The measurement of nuclear stopping powers is extremely difficult 
because of the need for low ion velocities, and the problems of 
separating the nuclear contribution from the omnipresent electronic 
fraction. Blaugrund et al. (BL67a) investigated the accuracy of the 
Lindhard nuclear estimates by comparing calculated ranges, assuming 
f = 1.16 (the mean of many measurements), with measured ion ranges, and e 
then calculated the values off needed to fit the data well. They 
n 
arrived at values off varying from 0.6 to 1.1. Bell et al. (BE69b) 
n 
have calculated values off needed to fit published data for different 
n 
values off and incident ion velocity, and suggest that f increases e n 
with velocity. 
For a range of ion velocities between O. 45 and 1. 8 x 108 cm/ sec they 
found that f varied between 0.68 and 0.88. Thus inaccuracy in the 
n 
Lindhard stopping powers may be compensated by writing 
f [~] + f [~] e clp n clp 
e n 
and choosing suitable values off and f . 
e n 
A.3 EXPERIMENTAL CONSIDERATIONS 
In order to observe a Doppler shift in the photon energy, 
experimental conditions must be such that the average velocity and 
direction of the recoiling nuclei are known. Two techniques f or 
achieving these conditions are described in this section, bot h of which 
have been used in the experiments described in this thesis. 
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A.3.1 Endoergic Reactions 
In an endoergic reaction, the bombarding energy may be adjusted to 
be slightly above the threshold for population of the level of interest. 
The recoiling ions are then kinematically confined to a small range of 
forward angles, and the uncertainty in recoil direction is small. 
The recoiling nuclei will, however, have a range of velocities, and, 
furthermore, the reaction products will generally not be isotropic in 
the centre of mass system. If the angular distribution in the centre of 
mass is given by 
W(8) = ~ aiP.(cosS) , 
i 1 
then the average component of the recoil velocity along the beam 
direction will be 
V = f VcosS W(S)dn J dn 
where Vis the C.M. velocity of the ion. Remembering that 
we see that (HA68b) 
P (x)dx 
m 
V = 
= 
28 
nm 
2n+l 
and thus the average recoil velocity in the laboratory frame is 
a 1 V 
= V +--C.M. 3 
where VC.M. is the velocity of the centre of mass. If the reaction 
products have symmetry about 90° in the centre of mass system, then 
a 1 = 0 and 
V = V C.M. 
By fixing the incident energy in a (p,ny) reaction to be just above the 
threshold for the level of interest, a compound nuclear process is 
ensured. If the reaction proceeds through a single resonance state, or 
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if the excitation energy in the compound nucleus lies in a region of 
high level density such that the random phase approximation is valid 
(see section B.2, appendix B), then we can safely put a 1 = 0. If 
however, there is a direct reaction component, then a1 will be non-zero, 
but Hausser et aZ. (HA68b) have shown that even for large values of a1 , 
the correction to Vis only of the order of a few per cent, and is much 
smaller than other errors associated with D.S.A.M. measurements. 
An inherent advantage of this method is that there can be no 
cascade feeding of the level of interest from higher states, thus 
eliminating the uncertainties in cascade correction procedures. 
A.3.2 Coincidence Experiments 
In the general type of reaction A(x,y)B, the recoil direction of 
particle 'B' will depend upon the direction of emission of particle 'y'. 
A unique direction of recoil from 'B' can be assured by the detection of 
'y' at some fixed angle, and counting photons which are in coincidence 
with such an event. In addition, if the detector of 'y' has sufficient 
energy resolution, the observed gamma ray can be experimentally 
constrained to come from monoenergetic recoil nuclei by only accepting 
coincidences with particles directly feeding the level of interest. 
A.3.3 Cascade Corrections 
In the coincidence experiment reported in this thesis, neutrons 
were detected with a liquid scintillator which did not have good energy 
resolution, and thus any neutron-gamma coincident event was accepted. 
As the bombardment energy was considerably higher than threshold for the 
level of interest, a significant fraction of the population of this 
level was due to gamma cascade from higher states. If the more 
Compound Nucleus 
L v, • I L3 
y 
t2 
JI • Direct Feedino 
Ratio y 
"r• Lifetime of Level 
y 
Residual Nucleus 
Fig. A.1: Notation for cascade correction. 
energetic levels have appreciable lifetimes then the F(T) curves 
calculated for the lower levels must be appreciably modified. 
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3 
2 
0 
Consider the situation depicted in fig. A.l. Level q with lifetime 
T has direct population v at t = 0, the v being normalised such that q q q 
L v = l . 
q : 
It can easily be shown that the population of state 2 at life t ime tis 
given by 
= 
-t/ T v e 2 
2 
The decay rate from this state is 
-t/ T 
e Noting that --- is the decay rate of the level in question, we may 
T 
construct F( T2 ), an apparent F( r2 ) observed when nuclei with two 
different recoil velocities contribute to the observed Doppler shift. 
Writing V.cos8. as V (t), where q denotes the level, we have 
l l q 
= 
whence 
where 
(T3F3(T3) -T2F3( T2) ) 
( T3 - T2) 
= 
and V (O) is the velocity at t = 0 of ions populated at level q. q 
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(A. 12) 
Similarly a F(T1 ) may be calculated to allow for cascades to level 
1 from level 2, and from level 3 through level 2 to level 1, giving 
= V1 Fl ( T 1) + 
(T2F2(T2) -T1F2(T1)) 
(t2 -T1) -
T2F3(T2) 
+--:----:-:---~+ (T2 -t3)(T2 -T1) (Tl (A. 13) 
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APPENDIX B 
GAMMA DECAY FOLLOWING COMPOUND NUCLEAR REACTIONS 
B.1 INTRODUCTION 
A statistical model formalism to describe the angular distributions 
of reaction products following compound nuclear events has been devised 
by Hauser and Feshbach (HA52), Biedenharn and Rose (BI53) and Satchler 
(SA54, SA56, SA58); Sheldon (SH63) has shown that the application of 
this theory to gamma ray angular distributions yields information on the 
spin and parity of the state in the residual nucleus and the 
multipolarity and mixing ratio of its de-exciting gamma radiation. 
In a review of the then current status of the field, Sheldon and 
Van Patter (SH66) reported that the majority of experiments had been 
directed towards decay following inelastic nucleon scattering, and 
pointed out that the theory should be equally valid for other channels, 
such as (p,n), (n,p), (3 He,n) and (3 He,p) provided that compound 
nucleus formation predominates. 
The validity of this approach was demonstrated by Birstein et al. 
(BI68) and has been confirmed by many workers since that time. 
B.2 THEORY 
This section is largely a summary of those parts of the review 
article by Sheldon and Van Patter (SH66) pertinent to this thesis. 
The general expression for the angular distribution of the reaction 
products following a compound nuclear process may be written as a sum of 
appropriately weighted even order Legendre polynomials 
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W(8) = (B.l) 
where 8 is the angle between the emergent radiation and the axis of 
quantisation of the system. It has been shown (BL52, SH66) that the 
symmetry about 90° displayed in equation (B.l) is a consequence of three 
conditions: 
(1) Conservation of parity in the reaction; 
(2) Observations are not made with a polarisation sensitive 
'detector; 
(3) The parity of the wave function describing the reaction is 
well defined. 
Conditions (1) and (2) are satisfied by the strong and electromagnetic 
interaction experiments studied in this thesis, whether or not they 
proceed by compound nuclear or direct interaction mechanisms. In the 
case of a process not proceeding via a resonant intermediate state or 
where interference between nuclear levels takes place, the symmetry of 
compound nuclear reactions is broken by the non-fulfillment of condition 
(3) (DE57). This is only satisfied by a reaction mechanism proceeding 
through a single intermediate state, which clearly will have a well 
defined parity. If the compound state has to be described as a 
superposition of few states, then, unless each component has the same 
parity, the compound state will not have a well defined parity. For the 
extreme case of the superposition of a very large number of states, each 
characterised by a spin and parity, and with phase factors equally 
likely to be positive or negative, the terms in the angular distribution 
arising from the superposition will, on the average, cancel. The 
resulting distribution will be approximately the same as that resulting 
from the incoherent addition of many angular distributions, each of 
which is characteristic of the mechanism proceeding through an isolated 
TARGET 
RESIDUAL 
NUCLEUS 
Fig. B.l: Systematics of a compound nuclear process of the type 
A(a,by)B. 
resonance level. The symmetry about 90° is then retained, and the 
validity of equation (B.l) ensured. 
It can be shown that the ak are products of functions describing 
each step of the process . For the purpose of this section the 
nomenclature of fig. B.l is adopted . 
An expression, Ak' describing a gamma transition of mixed 
multipolarity L,L' between the nuclear levels of spin J 2 and J3 can be 
written in terms of the generalised Fk coefficients of Ferentz and 
Rosenzweig (FESS, BI60) 
= 
where 
= 
The mixing ratio o is defined by 
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(J3ll1'IIJ2 > 
0 = 
< J 3 II L 11 J 2 > 
,.. k I and L = (21+1) 2 • The functions ( abed ef) and W(abcd;ef) are Clebsch-
Gordan and Racah coefficients respectively. 
When the transition is made by particles other than photons, the 
appropriate factors, nk, may be obtained by multiplying the gamma 
expression by a particle factor bk(jj' ;X) for particles X with momenta 
j,j' (BI53, DE57). A nucleon transition from J 0 to J 1 is then 
expressed by 
= 
= ( 1) J 1 -JO -½ J" ~ ~ I ( • • 11 1 I kO ) W ( • • I J J kJ ) 
- 0 J J J J ~-~ J J O O j 1 • 
In the case of an unobserved transition, the linking parameter for 
radiation of total angular momenta L,L' is 
= 
for each transition J 1 + J 2 • The linking parameter is independent of 
the nature of the radiation. Thus for a (p,ny) reaction, as denoted in 
fig. B.l, where the emergent neutron is unobserved, the ak coefficients 
of equation (B.1) may be written 
= 
where g is the statistical spin parameter 
g = 
( " " )2 s•J 0 
All the energy dependence of ak is in the Hauser-Feshbach (HA52) 
penetrability term 
r = 
T £ (E1 ) T £ (E2 ) 
L T n (E) 
t jE :,,, ' 
(B. 2) 
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which, by the use of the transmission coefficients Ti, takes account of 
the compound nuclear barrier penetrabilities for incident and emergent 
particles of orbital angular momentum£ and centre of mass energies E1 
and E2 respectively. The summation in the denominator runs over all 
possible competing exit channels. The spin orbit interaction may be 
taken into account by using the generalised transmission coefficients 
T (±) (SH63) of the form 
£ 
= 
The superscript (±) refers to the total angular momentum of the 
particle j = t±½. 
Using the coefficients as defined in equation (B.2), the expression 
for W(0) may be written 
W(e) = L N'C'W'M(o)T Pk(cos0) (B. 3) 
' k 
where 
N' = ( -1) JO + J 3 - j 2 +½ (J1 )4 (31) 2 (J2)2/(Jo)2 
' 
C' = ( j 1 j 1 ½-½ I kO ) 
' 
W' = W(J1 J1 j1 j1 ;kJo) W(J1 J1 J2 J2 ;kj2) 
' 
M(o) = (1+02 ) - 1 (M (LL) + 2oM(LL') + o2 M(L'L') ) 
' and 
The summation in (B.3) is taken over j 1 , j 2 and k (0 ~ k S 2j , 2J1 , 
2J 2 ' 21') . 
B.3 EXPERIMENTAL CONSIDERATIONS AND COMPUTATIONS 
The Hauser-Feshbach theory is applicable only to the average 
properties of compound nuclear reactions, and thus constraints are 
imposed on the experimental technique. However, the restriction of the 
present work to angular distributions allows some simplification. A 
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necessary condition for the validity of the compound nucleus theory, 
when the reaction does not proceed through a resonant state, is that the 
compound state is a superposition of a large number of states so that 
interference terms average to zero. The excitation in the compound 
nucleus must therefore lie in a region of high level density. 
In addition, the statistical nature of the compound nuclear process 
gives rise to Ericson-type fluctuations in the cross section, and thus 
any measurement must be sufficiently averaged over a large enough energy 
interval to reproduce the average behaviour described by the theory. 
This may be accomplished by averaging a large number of independent 
measurements at different energies, or by using a target sufficiently 
thick that the range of excitation energies produced spans many energy 
levels in the compound nucleus. 
The theory further assumes that all compound nuclear levels have 
the same widths; this is not so, and Moldauer (M061, M064) has extended 
the basic theory to account for fluctuations in level width. This 
correction has the greatest effect at low bombarding energies where the 
number of open decay channels is small, and can alter the Hauser-
Feshbach cross section by up to 40%. However, the shape or symmetry of 
the gamma ray angular distributions is not significantly altered by this 
correction (MA69). 
Before the experimental data can be compared with the theoretical 
predictions of the compound nucleus theory, correction must be made for 
the finite size of the gamma detector. 
For a point detector, the angular distribution may be written, in 
the notation of the previous section, 
W(8) = (B. 1) 
l _ 
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However, the detector will subtend a finite solid angle at the 
target, and tend to smear out the distribution. The data must therefore 
be weighted by an appropriate efficiency factor, and integrated over the 
acceptance angle of the detector. 
We therefore write 
W(e) = I L akPk(cose') s(¢)d~, 
detector k 
(B.4) 
wheres(¢) is the detector efficiency for quanta travelling at an angle 
¢ to the detector axis, and e' is the angle between the direction of 
radiation and the axis of quantisation. 
Rose (R053) has shown that equation (B.4) can be expressed 
W(8) = 
where 
= 
and 
= I ~(~) Pk(cos~) sin~ d~ . 
detector 
The Qk for the coaxial Ge(Li) used in all the following measure-
ments were calculated using a program available in this laboratory 
(OP71) . 
For the purpose of the work described in this thesis, the 
expression for W(8) (equation (B.3)) was evaluated by the computer code 
'MANDY' (SH66, SH69). This program predicts the normalised a2 and 84 
coefficients of equation (B.1) as a function of o, the mixing ratio of 
the gamma ray involved. For _tile (~,ny) process descFihed in. thi&work, 
in which the level of interest is directly populated, the locus of 
points o, for the range of values o = - 00 to o = i-<X>, is an ellipse in 
These theoretical ellipses are dependent upon the momenta involved, 
-
1 
but are not very sensitive to the parity of the excited state of the 
residual nucleus populated in the reaction, or to the exact values of 
the transmission coefficients used in the calculatL-0n; i.e. the 
results are not very dependent on the optical model parameters used 
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(BI70). + The spin-orbit effect, which splits the T1 's into T1 - only has 
a small effect on the ellipse. The ellipses are, however, sufficiently 
sensitive to the spins involved in the gamma decay to allow, in many 
cases, an unambiguous spin assignment, and an estimate of the mixing 
ratio. 
The program 'MANDY' was modified in order to calculate the 
population parameters of the levels undergoing gamma decay, and also to 
read in experimental gamma ray angular distribution data, correct it for 
the finite detector size using calculated Qk values, compare it with the 
calculated angular distribution for a given spin sequence, and to 
evaluate the x2 'goodness of fit' parameter as a function of the mixing 
ratio, o, of the gamma decay. 
As the present work was only concerned with angular distribution 
data, the effect of level width fluctuations was ignored. In addition, 
no allowance was made for variation in the density of levels of a given 
Jff as a function of energy. It was always assumed that there were 
sufficient energy levels of spin J1 at the relevant excitation in the 
compound nucleus for any combination of Jo and j1 to form a valid 
entrance channel. 
All transmission coefficients were calculated by the optical model 
code JIB3 (PE63, BA69) using the universal parameters of Hodgson (H067) 
and Bock et aZ. (B067). The calculation of the transmission 
coefficients in the outgoing channel using the optical parameters for 
the inverse reaction assumes that the optical potential is independent 
-
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of the state of excitation of the nucleus. There is some evidence that 
this assumption is invalid and that the potential barrier is reduced 
with increasing excitation, but this has only been reported at high 
incident energies (E > 10 MeV) (FU68, FU60). p 
The insensitivity of the present technique to the transmission 
coefficients indicates that the neglect of this energy variation will 
not lead to significant errors. 
Sheldon (SH66) has shown that the inclusion of partial waves of 
t >5 in the incident and emergent channels does not significantly alter 
the shape of the angular distributions; all calculations reported in 
this thesis included up to i=5 partial waves unless the transmission 
coefficients became vanishingly small. 
The effect of the inclusion of extra inelastic proton exit channels, 
whilst affecting the magnitude of the angular distributions, has little 
effect upon the structure of the distribution (SH66, BA70). 
Calculations performed for 47 V with fewer proton exit channels, and with 
and without the spin-orbit potential demonstrated that the results were 
not significantly affected by their omission. However, for all the 
calculations reported in this thesis, the spin-orbit potential and the 
maximum number of exit channels were included. 
In addition the spins and parities of the higher excited states in 
the residual nuclei are not always known. The arbitrary assignment of a 
mixture of likely spins and parities does not significantly alter the 
predictions of the calculation (BA70). 
Clearly a large direct component in the react i on yield will render 
the statistical theory, as described here, inapplicable. Care must 
therefore be taken to ensure that compound nucleus formation dominates 
the reaction process. 
r 
L 
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The incident energy must, in some cases, be chosen carefully to 
avoid isobaric analogue resonances which would greatly affect the 
relative contributions of the various partial waves to the total cross 
section, and would invalidate the calculation obtained from the 
transmission coefficients. 
For the (p,ny) reactions studied in this thesis, the excitation 
energy in the compound nuclei, 48 V and 50 V, are in regions of high 
level density (6 x 103 ( 50 V) and 8 x 103 ( 48 V) levels/MeV), and therefore, 
with the thick targets used in these studies, sufficient energy 
averaging to ensure the validity of the statistical compound nucleus 
theory was obtained. The level width at this excitation is estimated as 
"'1 keV, and therefore levels in the compound nucleus are strongly 
overlapping (mean level spacing< 0.2 keV); however, the energy 
averaging caused by the thick targets ensures that the influence of 
narrow resonances and Ericson type cross section fluctuations is made 
negligible. 
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